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Summary 
Summary 
Developments m Gasoline Direct Injection, GDI, technology have enhanced the 
viability of long tenn SI engine development. Many automotive manufacturers are 
developing and offer production cars with first generation GDI engines. GDI fuel injection 
strategies provide power and effi ciency improvements, due to superior fuel metering, in-
cylinder mixture preparation and the ability to run throttle-less under di fferent combustion 
modes depending on engine load. Although significant improvements in perfonnance and 
economy have been demonstrated, work is still required to optimise the GDI strategies fo r 
varying engine loads and emissions. Matching liquid fuel sheet break up and atomisation 
timescales to those of the charge motion occurring in the engine cylinder is essential. 
Many fundamental studies have investigated the mechanisms of liquid sheet break 
up, however, most have concentrated on steady state low pressure conditions. It is felt that 
little can be applied from these studies to analyse high pressure GDI sprays which produce 
an initial liquid sheet annulus then a complex hollow cone spray, transient in nature due to 
the cyclic behaviour of an SI engine. This experimental study assesses the liquid fuel sheet 
break up mechanism of a GDI pressure-swirl injector in the pressure range 10-50 bar. The 
fundamental study simplifies the problems associated with a 3-dimensional spray by 
considering a 2-dimensional transient liquid sheet and characterising the sheet wave 
structure and break up process. 
A unique rotary valve has been specifically designed and manufactured to allow the 
break up of a transient fl at liquid sheet to be studied under an injection pressure range of 
10-50 bar. A precursor to liquid sheet break up is the appearance of perforations in the 
sheet. The onset of perforations in the fl at sheet were measured as a function of distance 
downstream from the nozzle for a range of sheet velocities 12-36m/s; i.e. Reynolds number 
range 800 - 2400. This highlighted a peak in the perforation onset length between 20 and 
25 bar injection pressure; i.e. sheet velocity of approximately 25m/s. Subsequent increases 
of sheet velocity lead to a reduction in the perforation onset length, strongly indicating that 
above 25rn/s, aerodynamic forces dominated the sheet break up process. Spreading the 
liquid laterally, introduced sheet stretching, which affected the position of the perfo ration 
onset by as much as 30% at higher injection pressures. Estimations of sheet thickness at 
the perforation location were calculated to be in the range 0.05-0. llrrun. Particle Image 
Velocimetry, PIV, and Laser Doppler Anemometry, LDA, was used to assess the liquid 
sheet velocity flow field, which indicated the presence of large velocity gradients in both 
the axial direction and across the sheet respectively. 
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Chapter I. Introduction 
1.0 Introduction 
1.1 Environmentallmpact 
Since the invention of the first 4 stroke intemal combustion engine by Nikolas Otto in 
1876 it has been developed into a mass produced, high tech device which is affordable and 
vital for every day travel. It was in 1886 that Gottlieb Daimler combined an engine with a 
stagecoach to create the world 's first four-wheeled automobile. lmprovements over the 
course of the last century have led to significant differences between the original 
production cars such as the Model T Ford of 1908 and present day cars. 
Car numbers have steadily increased since then with large increases seen in recent years. 
Figures from the Department ofTranspori [1] indicate that there were 26.5 million ptivate 
and I ight goods vehicles on UK roads in 200 l. This is an increase over the past 1 0 years of 
4.5 million vehicles, with nearly 2.5 mi llion newly registered cars introduced in 2001. 
Similar figures have been recorded worldwide [2], with ptivate cars totalling in the region 
of 600 million, as they become the preferred mode of transport for many commuters. In 
general, travel has become increasingly popular as technology has advanced with increases 
of 40% also observed in air travel over the past decade. Predictions by the Department of 
Transport for vehicles on UK roads indicate a 50% increase within the next 30 years. 
Environmental issues have been a focus for concem over the past 40 years and are now of 
paramount importance due to the predicted future growth . It is well known that the 
burning of fossil fuels produces emissions which have adverse affects on human health and 
the environment. Efforts are now being made to reduce these long term problems. 
Under ideal conditions the main products of combustion of hydrocarbon fuels are carbon 
dioxide and water. Carbon dioxide (C02) is a 'greenhouse' gas which is claimed to be 
responsible for global warming. It has been estimated that 25% of the world's C02 is 
produced by transportation [3] and over time this has initiated world climate changes such 
as global temperature rises. Sulphur dioxide (S02) and Nitric Oxides (NOx), also products 
of combustion, both lead to acid rain which, destroy natural habitat often miles from the 
source of the emissions. In reality the combustion process itself is not ideal and products 
such as carbon monoxide (CO) and hydrocarbons (HC) result from incomplete 
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combustion. These ermss10ns have a significant impact on human health causmg 
respiratory problems especially in children. Clearly, there are considerable environmental 
and health issues associated with the combustion of fossil fuels which need to be addressed 
to prevent further damage to the planet and life on it. 
The reliance on cars and aircraft for travel is increasing however there is also a finite 
supply of oil worldwide. OPEC (Organisation of the Petroleum Exporting Countri es) [ 4] 
estimates that there are over 1 trillion barrels of crude oil reserves throughout the worl d. 
Oil production is anticipated to peak close to 2010 [5] although the projected lifespan of 
current known reserves varies greatly from 40 to 100 years. These estimates change as 
new reserves are discovered however it is inevitable that oil supplies will be in short 
supply by the turn of the 2211d century and at some point run dry. 
1.2 Worldwide Legislation on Vehicle Emissions 
In view ofthe environmental impact of burning fossil fuels and the foreseeable oil shortage 
it is important that all engine types, some of which will be used for hybrid propulsion, are 
optimised to minimise unwanted emissions and maximise fuel efficiency. This has been 
universally recognised around the world with the introduction of stringent emissions 
legislation on the acceptable levels of pollution. 
Tier Year Engine CO HC+ NOx HC NOx PM 
(g/km) (g/km) (g/km) (g/km) (g/km) 
Euro II 1997 Gasoline 2.2 0.5 - - -
Diesel 1.0 0.7 - - 0.08 
Euro ill 2000 Gasoline 2.3 - 0.2 0. 15 -
Diesel 0.64 0.56 0.06 0.50 0 .05 
Euro IV 2005 Gasoline 1.0 - 0. 1 0.08 -
Diesel 0.5 0 .3 0.05 0.25 0.025 
Table 1-1 . European emissions standards for passenger vehicles 
These road vehicle directives vary across the world due to differences in driving cycles 
from one continent to another and the countries ' ability to meet the legislation. 
Page 3 
Chapter I. Introduction 
Throughout the European Union, Euro III legislation came into force in 2000 with Euro IV 
projected for 2005, emissions for which are shown in Table l-l [6J. LEV (Low Emissions 
Vehicle) legislation in the United States of America has fo llowed the same pattern of 
emission reduction with LEV II introduced in 1998. California has the most shingent 
emission laws, having passed the Air Pollution Control Act in 1947, Zero Emission 
Vehicles (ZEV) have now been introduced. Throughout the rest of the world it is difficult 
to enforce the stringent laws of Europe and the US, so in countries such as China, 
legislation equivalent to Euro 1 has been introduced. 
1.3 Developments in Internal Combustion Engine Design 
To keep in line with legislation and customer demands, car manufacturers are continuously 
required to improve vehicle techno logy to further reduce emissions. One of the most 
significant advances was the introduction of the catalytic converter in 1975, but it was not 
until 1993 before it was a compulsory requirement in the UK. Modern 3-way catalytic 
converters, containing platinum, palladium, and rhodium act to oxidise HC and CO, and 
reduce NOx emissions by up to 95%. However, a major disadvantage of the catalytic 
converter is its poor cold start perfom1ance, which means vehicle emissions are still too 
high for short journeys. The light off temperature, or the temperature at which the catalyst 
has reached 50% effectiveness, is between 250 and 300°C. 
Exhaust Gas Recirculation (EGR) was introduced in an effort to reduce NOx at the source 
by creating cooler temperatures in the combustion chamber. NOx is only produced at 
temperatures in excess of 700K, and as flame temperatures inside an SI engine can reach 
3000K, the production of NOx is unavoidable. However, if gas residuals are re-circulated 
or trapped in the cylinder by careful valve timing, cylinder temperatures can be reduced, 
hence reducing the quantities of NOx- Diluting the fresh mixture with burned gases 
reduces the temperature reached after combustion, however the combustion rate is 
adversely affected by the presence of residual gases so for a port injection gaso line engine 
the maximum possible EGR is 20%. For diesel and Gasoline Direct Injection, GDI, 
engines 50% EGR is possible [7]. 
Fuel additives also have a significant impact on emissions from both Spark Ignition, SI, 
and Compression Ignition, CI, engines. Spark ignition engines have progressed from using 
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leaded to unleaded fuel, while compression ignition engines now use low sulphur diesel, 
helping to reduce lead and sulphur emissions, respectively. However, the sulphur content 
in gasoline is still an issue hindering the development of Sl engines due to its detrimental 
effect on certain catalysts. 
In recent years variable valve actuation has become increasing popular, with the 
introduction of Honda's VTEC engine, Rover's VVC, BMW's VANOS and Valvetronic 
and Toyota's VVTi. Variable valve actuation allows the airflow into the cylinder to be 
optimised throughout the rev range by changing the time at which the valves open and 
close, or the valve lift curve. Some systems, such as Honda's VTEC, are not fully variable 
possessing only two set cam profiles, however others possess full y vatiable systems. 
Future plans may discard the camshaft altogether in preference for hydraulicall y actuated 
or electromagnetic valves. This will provide full flexibility to continuously change the 
valve lift curve as well as the timing and hence optimise the engine air fl ow at any speed. 
Further research into the design of camless engines is still required and they are too costly 
at the present time for use on a production engine. 
A major development to improve the effi ciency of SI engines was the progression from 
carburettor to injection during the 1980s. There are many designs of fuel injector on the 
market, used in a multitude of different engines, which are primarily designed to meter and 
atomise a liquid fuel. The method adopted for the atomisation of the liquid fuel varies 
depending on the application. Modem day gas turbine airblast atomisers utilise fast 
moving air flows entering the combustion chamber whilst adding a swirl component to 
provide a high shear layer between the liquid fuel and the air. The effi cient use of 
aerodynamic forces overcomes the liquid surface tension and break up occurs to form a 
fi nely atomised spray suitable for combustion. Conversely, diesel inj ection in a Cl engine 
uses a very high pressure fuel supply to form the high shear layer, in thi s case with fast 
moving fuel in a relatively stati c atmosphere. 
Over the last 20 years SI engines have progressed significantly from carburettor fuel 
systems where the fuel is squirted into the venturi and then drawn down though the inlet 
manifold ports and split between cylinders. This type of system leads to inefficiencies due 
to wall wetting between the venturi and the inlet valve, and the distance the fuel travels 
leads to fuel metering problems and poor engine response times. Single point injection 
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provided improved fuel metering, however, multi-point fuel injection, MPFI, used in 
modern engines produces significantly higher efficiencies and lower emissions. 
Positioning an injector close to the inlet valve of each cylinder allows the fuel to be 
injected as required with improved accuracy helping to increase engine power whilst 
reducing fuel consumption. Coupled with closed loop control systems which continuously 
monitor engine parameters and emissions this arrangement has successfully reduced engine 
emissions. 
1.4 Gaso line Direct Injection 
The future development for the SI engine is to move the injector into the combustion 
chamber, previously not possible due to the complexities of integrating such a system. 
Although a Bosch direct injection system was used on the Mercedes 300SL in 1953 it was 
extremely expensive and certainly would not meet modern day emissions laws. The first 
Gasoline Direct Injection (GDI) engine with lamba control was used in 1976. A sensor 
was positioned to measure the exhaust oxygen content which was then used to optimise 
fuel quantities injected. It was only in the late 1990's when GDI engines were installed in 
full production models. Mitsubishi introduced their GDI engine in 1996, and more 
recently in 2000, VW introduced the Fuel Stratified Injection (FSI) engine. The direct 
injection strategy is now under development with all the main automotive manufacturers 
in an effort to meet future legislation. It is anticipated that within the next few years more 
car manufacturers, such as Ford and GM will introduce the GDI engine to their existing 
range, with the reali sation of its superior perf01mance qualities and potential for reducing 
fuel consumption and emissions. 
As with the progression from carburettor to multi-point injection, GDI technology provides 
power and efficiency improvements due to its' superior fuel metering and the ability to run 
under two different combustion modes. Automotive manufacturers have adopted many 
different strategies, however the basic principles of the GDI system remain the same. A 
major benefit of direct injection is that the mass of fuel injected dictates engine load and so 
the throttle is potentially no longer required. Dispensing with the throttle helps to 
eliminate pumping losses associated with air flow past the butterfly valve and hence 
improves engine efficiency. 
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In general, a direct injection SI engme can operate under homogeneous or stratified 
combustion modes, depending on engine load, although some manufacturers have adopted 
a third mode, lean homogeneous, to smooth the transfer between the modes. For 
homogeneous combustion, fuel is injected throughout the intake stroke to provide a fully 
mixed charge for superior power output. Under lean bum combustion a small quantity of 
fuel is injected during the compression stroke and is directed towards the spark plug to 
provide a stratified charge at the point of ign ition. 
Reflection/ 
Wall Guided 
Swirl I 
Charge Motion 
/Air Guided 
Figure 1-1. Three types of spray guidingfor a GDI engine [8] 
Spray/Jet Guided 
The biggest challenge, due to the inherent temporal and spatial vmiation of fuel 
concentration, is optimising the lean burn mode over a wide speed range to ensure rel iable 
ignition of the lean mixture. There are three main ways employed to guide the spray to the 
spark plug, wall guided, air guided or spray guided, shown in Figure 1-1. The wall guided 
method typically uses bowl shaped piston crowns to redirect the spray, whilst air guided 
systems rely on inlet port architecture to create a tumble or swirl motion inside the 
cylinder. These two are the most common, often using both to achieve the desired result, 
however it is possible to position the injector such that it directs the spray towards the 
spark plug, and hence is te1med spray guided. 
The position of the fuel injector in the combustion chamber poses a challenge due to the 
eventual build-up of deposits on the nozzle. These build-ups on the nozzle tip can affect 
the fuel spray quality by altering the spray pattern and droplet size distribution, which 
directly affect the combustion quality. Poor combustion significantly affects fuel 
consumption, engine emissions and causes poor vehicle d!iveability. Carlisle et al [9] 
investigated injector deposition, concluding that the injector tip temperature and fuel 
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composition are the root causes of deposit formation. Other researchers [I 0, 11, 12] have 
also studied the implications of injector deposition, with a view to minimising the 
formation of deposits by careful nozzle design. 
1.4.1 Mitsubishi Gasoline Direct Injection, GDI 
The Mitsubishi GDI engine was the first of its kind to be introduced to the mass production 
car market in 1996. Since then other manufacturers have realised the benefits and potential 
of such an engine and are developing or have introduced their own versions. Mitsubishi 
first introduced the 4 cylinder 1.8 litre GDI engine shown in Figure 1-2. 
Figure 1-2. Mitsubishi 1.8/itre GDJ engine [13} 
There are three main features, shown in Figure 1-3, which are key to the success of the 
Mitsubishi GDI engine, a reverse tumble air motion, a pressure swirl injector, and a curved 
bowl in the piston crown. The straight upright intake port allows air to be drawn smoothly 
into the cylinder, and relative to the curved top piston acts to create a reverse tumble air 
motion inside the cylinder. The fuel injector positioned to the side of the inlet valve, 
known as wide spacing, at an angle of 49 degrees to the vertical, allows sufficient time for 
the air and fuel to mix completely prior to ignition. Fuel is injected at a pressure of 50 bar 
through a swirl orifice to form a swirling hollow cone spray at low ambient pressures. The 
small droplets mix effectively with the air and follow the tumble motion prov iding a well 
mixed charge under high load conditions. 
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Mitsubishi have developed the engine to operate primatil y under two different combustion 
modes, which it calls superior output, and ultra-lean. A two stage mixing mode is also 
specified which has been developed for the European market. 
The supetior output combustion mode, where fuel is injected throughout the duration of the 
intake stroke, is used for high load conditions such as acceleration. The piston draws the 
mixture down the cylinder to fonn a fully mixed homogeneous air-fuel charge. As fuel is 
sprayed into the cylinder the charge cools providing a more favourable pressure differential 
across the valves which in turn helps to draw more air into the cylinder as the air contracts, 
improving volumetric effi ciency by a claimed 5%. The cooling effect also helps to prevent 
engine knocking often caused by high temperatures and pressures within the cylinder. The 
reduced charge temperature allows the engine to run at higher compression ratios of 12.5 
for improved thennal efficiency providing increased power and torque output, without the 
onset of knock. Compared to the equivalent MPFT engine, Mitsubishi claim an overall 
10% increase in torque, whilst observing 20% better fuel economy [14]. 
Figure 1-3. Three main features ofMitsubishi 's GDI engine [1 3] 
Under the ultra-lean combustion mode the air-fuel ratio of 40: 1 is very high in comparison 
to 15: 1 for a conventional MPFI engine. The timing of injection is delayed such that 
injection occurs during the latter stage of the compression stroke, after the inlet valves 
have closed. Fuel is injected towards the bowl shaped piston crown which redirects the 
fuel droplets to the spark plug with the help of the tumbling air motion. Tllis creates a rich, 
stratified charge around the spark plug at the point of ignition. Once ignition of the 
stratified charge occurs the rest of the mixture bums extremely lean, thus providing very 
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good fuel economy. On the Japanese urban driving cycle the GDI engine used 35% less 
fuel than its' comparable MPFI engine. This particular mode is used during low or part 
load conditions such as motorway cruising where high power output is not required. 
Finally, the mode that has been specifically developed for the European market is the two-
stage mixing combustion mode. Initially a small quantity of fuel is injected during the 
intake stroke to provide a very lean mixture of about 60: I. The rest of the fuel is injected 
on the compression stroke to fonn a rich mixture which is burnt completely. Thjs strategy 
helps to reduce the likelihood of knock which typically occurs in a stoichiometric mixture. 
Under this mode it is claimed there is an increase in idle torque of 55% providing power 
for acceleration from rest. 
Although direct injection is designed to improve both engine perfonnance and emissions, 
there is a significant increase in NOx emissions resulting from the lean burn mode. In 
Japan a special catalyst is used to remove this excess NOx, however due to the higher 
sulphur content of Emopean fuel it is not possible to use such a catalyst which is highly 
susceptible to sulphur damage. Consequently, the European GDI operates with an air/fuel 
ratio of 20:1, significantly richer than the Japanese GDI, reducing NOx production and 
hence allowing the use of a standard catalyst. Evidently, this dramatically affects the 
quoted perfonnance figures, whilst the European driving cycle is more demanding and 
hence reduces the figures still further. 
1.4.2 Volkswagen/ Audi Fuel Stratified Injection, FSI 
In 2000 Volkswagen introduced the Fuel Stratified Injection (FSI) 1.4 litre engine in the 
Lupo which generates 77kW (1 05bhp ). Since then larger engines have been added to the 
range, the 2.0 litre vmiant is shown in Figure 1-4. 
Volkswagen have specified three different operating modes for the FSI engine, stratified, 
homogeneous and homogeneous lean. As with the Mitsubishi engine, the stratified 
operating mode is used under low load conditions, up to 3000rpm. A control valve located 
upstream of the inlet valves is closed under these conditions, effectively pushing the inlet 
air to the top of the inlet port, illustrated in Figure 1-5. This creates an in-cylinder tumble 
flow structure in much the same way as Mitsubishi' s reverse tumble pott. A curved piston 
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crown redirects the airflow towards the central spark plug whilst fuel is injected into the 
rising air flow. This air guided technique helps to minimise any piston wetting which 
occurs with other designs. Under these conditions the presence of excess air helps to 
isolate the igniting mixture from the cylinder and combustion chamber walls which in turn 
reduces heat losses, helping to increase engine effi ciency. 
Figure 1-4. The Volkswagen/Audi FSI engine [1 5} 
To produce a homogeneous mixture the control valve opens to max imise inlet port area 
and minimise the level of tumble. As with the Mitsubishi system, fuel is injected for the 
duration of the inlet stroke. The charge cooling effect of direct injection has allowed 
Volkswagen to increase the compression ratio to 12. 1:1 on their 1.6 litre FSI which has 
increased power and torque output. At the same time engine emissions have been reduced 
such that they fu lfil Euro 4 regulations due in 2005. 
Audi also uses the FSI engine, favoUii ng it over the CutTent 20 valve unit. Due to space 
restrictions in the cylinder head it is not possible to operate a direct injection system with 5 
valves per cylinder, with the fuel injector taking the place of the fifth valve. However 
Audi have combined additional technologies, such as a two stage intake pipe to optimise 
the air flow at low and high engine speeds, and variable valve timing, to further optimise 
engine performance [ 17]. 
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(a) (b) 
Figure 1-5. (a) Strat~fied and (b) Homogeneous operation ofVW FSJ engine [16} 
The camshaft drives a high pressure pump to generate fuel pressures between 50 and 11 0 
bar, required for injecting directly into the cylinder. By comparison to a typical port 
injection system which operates at a fuel pressure of 4 bar, these high pressure injectors 
atomise the fuel more effectively, helping to reduce quantities ofunbumed hydrocarbons. 
Up to 30% exhaust gas recirculati on is used in conjunction with two catalytic convet1ers to 
provide efficient emission control. A three way convet1er is used close to the engine outlet 
whilst a NOx storage converter is located fu11her downstream. Due to the surplus oxygen 
in the exhaust gas it is not possible to reduce NOx under lean-bum operation. To overcome 
this problem, VW have developed a catalytic converter which uses barium salts to store the 
NOx during lean bum operation. Once the catalyst has reached its storage capacity the 
engine switches to homogeneous operation, raisi ng the exhaust gas temperature and 
releasing the stored NOx, which is conve1ted to nitrogen within a few seconds. This 
operation normally occurs once a minute, depending on operating conditions. 
1.4.3 Toyota D4 
In the mid 1990's Toyota developed their own 2.0 litre direct injection engine, shown in 
Figure 1-6, and described in detail by Harada et al [ 18]. The Toyota design operates under 
three combustion modes to optimise engine perfonnance and improve fuel economy in the 
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same way as other GDI engines. Toyota refer to the three modes as late injection, early 
injection and two stage injection, fo llowing the Mitsubishi strategy. The idea of using a 
two stage injection between the stratified and homogeneous operating modes is to smooth 
the torque transition to improve the drivability. 
Figure 1-6. Toyota 2.0 litre direct injection engine [19] 
The technologies developed by Toyota for the optimisation of direct injection significantly 
differ to those developed by Mitsubishi. The most signi ficant elements are the design of 
the inlet ports, the piston crown combustion chamber and the hjgh pressure fuel injector. 
Each cylinder is fed by two fully separated inlet ports, one helical and one straight. In the 
straight port a swirl control valve, SCV, driven by a DC motor, is used to vary the level of 
swirl based on engine operating conditions. For high load the SCV closes to maximise in 
cylinder swirl entering through the hel ical port, and provide a well mixed homogeneous 
lean mixture. Under part load fuel injection occurs late in the compression stroke and the 
SCV opens to direct the stratified charge towards the spark plug. 
The fuel injector desctibed in Toyota's 1997 paper [18] indicates the use of a pressure 
swirl injector operating at a range of pressures up to 120 bar, however, more recently 
Toyota refer to a fan spray injector [1 9, 20]. Regardless of the injector design, Toyota 
have designed their system such that the fuel is injected away from the spark plug and 
towards the cavity in the piston crown. The shape of the cavity has been designed with 
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three main zones. Mixture fom1ation occurs on one side while the swirl motion carries the 
fuel across to the other side of the cavity where combustion is initiated. Finally, the bowl 
shape, similar to that used by the Mitsubishi , directs vaporised fuel towards the spark plug. 
Toyota claim a 22% fuel economy improvement resulting from the described direct 
injection technology and the engine's capability to run at air/ fuel rati os in excess of 30:1 in 
the lean bum mode. More recently, Toyota have combined the direct injection technology 
with their VYT-i engine running with a compression ratio of 11.0:1 , and claim an 8% 
improvem ent in effi ciency. 
1.4.4 Nissan NEO Di 
The other major Japanese car manufacturer, N issan, introduced their first d irect injection 
engine in 1997, Figure 1-7, and now have a full range of engines from a 1.6 to 4.5 li tre. In 
much the same way as the other manufacturers, Nissan have opted for three combustion 
modes, the stratified charge combustion mode, homogeneous charge combustion mode and 
a lean homogeneous charge combustion mode to smooth the switching. 
Figure 1-7. Nissan NEO direct injection engine and injector nozzle [21 J 
The key engine features are again similar to those of other companies, a pressure swirl 
direct injector with chamfered nozzle for spray targeting, a pi ston with a shallow bowl and 
stra ight intake ports incorporating a swirl control valve, SCV. The injector, located to the 
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side between the inlet valves, injects fuel under a pressure of 90 bar, producing a wide, 
hollow cone. Dming the homogeneous charge combustion mode, injection occurs early 
with the SCV in the open position, creating a large tumble motion inside the cylinder to 
promote mixing. For light load conditions the SCV closes so that air enters through one 
port only, and a late injection strategy is adopted. The resulting swirl in the bowl and the 
cylinder create an upward fl ow due to a pressure di fferential causing the fuel vapour to be 
transported up to the spark plug. This is referred to as lift up swirl , an air guided technique 
to fonn a stratified charge round the spark plug. 
1.4.5 General Motors XV8 
Currently, General Motors have not inh·oduced a direct injection engine into the range, 
however they have revealed the XV8 concept engine, a 4.3 litre V8, shown in Figure 1-8. 
The engine runs with a compression ratio of 10.75:1 and has three valves per cylinder, two 
inlet and one exhaust, providing more room in the combustion chamber to allow optimal 
positioning of the injector and spark plug near the centre of the chamber. 
Figure 1-8. General Motors XV8 concept engine [23} 
The GM engine is the only known direct injection engme to use the air-assisted fuel 
injector developed by Orbital Engine Corporation [22]. The system comprises of two 
separate injectors, a conventional EFI injector operating at 8 bar pressure and a direct air 
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injector operating at 6.5 bar. By using two separate injectors the fuel measurement process 
can be decoupled fi·om the delivery process, allowing greater contro l over a wide range of 
engine speeds. Initially, the precise quantity of fuel is injected into a pressurised chamber. 
The fuel mixes with the pressmised air and after a short duration the air injector opens, 
injecting the mixture into the cylinder. GM have adopted a spray guided injection strategy, 
relying on the spray dynamics to transport the fuel to the spark plug, rather than air motion 
or wall deflection. For this reason the inlet pm1s have been designed specifically to 
minimise in-cylinder air motion while the engine is running in the stratified mode. During 
homogeneous operation however, the intake system helps to generate turbulence to 
promote mixing inside the cylinder. 
This approach to direct injection is certainly cheaper than many of the other designs 
previously discussed due to the reduced complexity. The injection system runs at 
significantly lower pressures than the competitors and contouring of the piston crown is 
not a requirement. Spray impingement is minimal, improving combustion effi ciency, 
whilst it is claimed thi s system has the inherent abi lity to spray directly onto the spark plug 
without leaving deposits or causing combustion instability. 
The major di sadvantages with the air-assist approach is the need fo r a pressurised air 
supply and the low operating pressures. An auxiliary compressor, typically belt dri ven, is 
required to provide the atomising air for the injector, which adds to complexity and wil l 
absorb engine power. The relatively low injection pressure limits the injection timing on 
the compression stroke due to the reduced pressure differential across the injector nozzle. 
1.4.6 Renault Injection Direct Essence, IDE 
Due to the problems associated with running under ultra-lean combustion conditions, 
Renault claims to have adopted the use of 'u ltra-high' EGR, up to 25%, which reduces fuel 
consumption by reducing pumping losses and effective engine capacity during light or part 
load. A reduction of pumping losses is achieved wi th the EGR reducing the partial 
vacuum in the inlet manifo ld . 
The Siemens injector, which operates at 100 bar, is located in the centre of the combustion 
chamber with the spark plug positioned adjacent to it. As with all the other manufacturers, 
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Renault have increased the compress ton ratio to 11.5:1. Under normal operating 
conditions, Renault claim a 16% reduction in fuel consumption, however there is no real 
saving under full load conditions due to the absence ofEGR. 
1.4.7 Peugeot High-Pressure Direct-Injection, HPi 
Peugeot's 2 litre high pressure direct injection engine was launched in 2001 and provides a 
power output of 103kW (1 43bhp). Fuel consumption has been reduced by 10% whilst an 
increase in torque at low engine speed results in improved engine response. The company 
indicates that injection pressure varies between 30 and I 00 bar, presumably depending on 
whether the engine is operating under homogeneous or stratified combustion. Peugeot 
have also matched Volkswagen 's reduction in emissions making a Euro 4 compatib le 
engme. 
Manufacturer Comp. Rati o Lean Injection Pressure Key Technology 
NF (bar) 
Mitsubishi 12.5: I 40 : 1 50 Reverse tumble port 
(20 :1 Pressure swirl 
Europe) injector 
Curved top piston 
Volkswagen I 2.1 : 1 60: I 50 - 11 0 Inlet port switch 
valve 
Shaped piston crown 
Toyota 11.0 : I 35 : I 120 1 helical/! straight 
port 
Swirl control valve 
Piston crown 
combustion chamber 
Fan spray injector 
Nissan - 40: I 90 Pressure swirl 
injector 
Shallow bowl piston 
Swirl control valve 
General Motors 10.75:1 - Fuel 8 bar/Air 6.5 bar Air-assisted fuel 
injector 
Renault 11.5 : 1 - l OO Ultra-high EGR 
Table 1-2. Key features o.f production direct injection engines 
As these direct injection technologies are still under development detailed information on 
all the systems is scarce. Lake et al [24] and Fry et al [25] have conducted compaiisons of 
GDI systems, summa1ising the main differences between the various technologies. Based 
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on available information it is evident that although all the engines use similar techniques to 
allow successful homogeneous and stratified operation the in-cylinder airflow and spray 
mixing processes differ considerably. The known manufacturers involved in the research 
and development of modem direct injection engines are summarised in Table 1-2. 
1.5 Direct Injection Research 
Due to the rapidly changing market, engine manufacturers generally require quick results 
and therefore focus on the practical aspects of complete systems rather than focusing on 
the fundam entals. Optical engines are often used for the purpose of assessing in cylinder 
air motion and inj ection perfonnance under real operating conditions, i.e. high 
temperatures and pressures, which is generally not replicated for fundamental studies. 
Clearly, the operational conditions greatly affect flow behaviour and add to the complexity 
of the problem. 
Although there are three main aspects to consider when designing a gasoline engme; 
performance, fuel consumption/emissions, and driving comfort, the reduction of fuel 
consumption and engine emissions is of key impo11ance due to customer requirements and 
legislation. Mitsubishi [14, 26, 27, 28, 29], Toyota [1 8, 30, 31) and VW [32, 33) have 
focused on many phenomena such as the formation of the in-cylinder flow field, spray 
characteristics such as penetration, interaction of the spray and fl ow to form an ignitable 
mixture, and the combustion process itself These phenomena are the core of a successful 
GDI engine; however, there are many other aspects, which need to be studied. Others have 
focused on system optimisation such as cold start performance [34) , spark plug design 
[35], fuel additives [9, 36] and turbo-charging [37). 
In general , the cold start performance of most engines is poor, however, the increased 
cylinder wall wetting of a direct injection engine causes an increase in HC emissions. 
Increasing the fuel injection pressure during starting and injecting later in the compression 
stroke has shown a reduction of wall wetting [34] and hence HC emissions. 
The spark plug for a GDI engine is positioned deeper in the combustion chamber and is 
therefore required to be more robust than a conventionat spark ptug. It must be able to 
withstand high combustion temperatures and under stratified operation, where there is a 
Page 18 
Chapter I. Introduction 
fuel rich mixture concentrated around the spark plug, it should resist carbon build up, i.e. 
exhibit a self-cleaning capability. 
The addition of a turbo-charger to a GDI engine, which has been investigated on the 
Renault IDE engine [37] , is particularly interesting as this allows the possibility of engine 
downsizing to reduce fuel consumption. Gasoline direct injection engines have lower 
knock sensitivity, due to the charge cooling effect of direct injection, which is highly 
advantageous for the addition of a turbo-charger. It has been shown that the addition of a 
turbo-charger is better suited to homogeneous operation. This is mainly due to the reduced 
temperatures of stratified operation, reducing the thennal energy for the turbine and also 
when the intake pressure is higher than exhaust pressure, EGR to reduce NOx emissions is 
not possible. 
It is the fuel injection process, however, which is of particular interest for many researchers 
and is the focus for this study. Although more complex; engine studies allow almost exact 
replication of operating conditions and generally inject gasoline, whereas many 
fundamental studies use water or a gasoline substitute under simplified conditions, i.e. 
lower injection pressures and atmospheric pressure and temperature. 
The spray structure and characteristics are of great importance to the development 
engineer, who must match the spray shape to the engine geometry. The affect of chamber 
pressure, temperature, fuel flow rate and liquid properties have all been investigated in 
numerous studies [38, 39, 40, 41 , 42] to assess their influence on the spray characteristics. 
With an understanding of these influential phenomena, work has been conducted to control 
the spray pattern, using steps, grooves and chamfers on the nozzle of a pressure swirl 
injector [ 43, 44, 45]. Modifying the nozzle allows fonnation of horseshoe shaped sprays 
with rich and lean regions, and sprays with varying circumferential penetration, and the 
need to use piston geometry for spray guiding is significantly reduced. Ultimately, the 
affect of spray characteristics on the combustion process [ 46] is most valuable as this is the 
true measure of a successfully atomised fuel spray. 
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1.6 Future Developments 
With increasingly stringent emission laws it is evident that the GDI engme with its 
advanced control system produces power gains and improved fuel efficiency over port fuel 
injection and helps to reduce emissions to cunent acceptable levels. However, much 
research is required with first generation GDI engines to optimise their operation and meet 
future legislation. With continuing fundamental studies and improved understanding of the 
fuel break up process, further steps can be made towards the development of a more 
efficient GDI engine with lower emissions. 
The lean-burn combustion mode is extremely difficult to control and some companies are 
now considering the use of the inlet valves to throttle the air flow whilst operating an inlet 
injection for homogeneous combustion. Also, due to the surplus oxygen in the exhaust gas 
it is not possible to reduce NOx under lean-bum operation. Although VW and others have 
developed a system to cope with the excess NOx, using a storage catalyst, furi her 
improvements are required to optimise the running of such a system. Stratified charge 
operation can also lead to unbumt hydrocarbons and the emission of particulate matter, 
PM. 
It is evident that significant research is currently underway to develop an environmentally 
fri endly fonn of energy to power land vehicles and aircraft. At present fuel cells, which 
produce electricity by converting oxygen and hydrogen to fonn water, show the greatest 
potential for the replacement of gasoline and diesel. Although fuel cells are very effi cient, 
quiet and produce no harmful emissions, the vehicle range, power output and recharge time 
are still inferior to cunent power plants. One of the most significant issues associated with 
such vehicles is hydrogen storage onboard and the integration of a refuelling network at 
cunent gasoline stations, which will be both costly and logistically problematic. 
A more realistic solution in the short term is the use of hybrid vehicles which use a 
combination of both a gasoline engine and an electric motor. Toyota [ 4 7] introduced the 
Prius, the worlds first mass produced hybrid vehicle, at the end of 1997 and by 2002 had 
sold in excess of 100,000 worldwide. This represents 90% of the world hybrid market at 
the present time. 
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There are various designs and arrangements of hybrid vehicle that work on the principle of 
using a downsized internal combustion (IC) engine in conjunction with an electric motor to 
produce the same perfonnance as a larger IC engine. Mitsubishi have combined their GDI 
engine in a hybrid powertrain system, known as the Sigma Series, to maximise the fuel 
saving benefits of the GDI engine. Under cruise conditions the engine operates as a 
normal internal combustion engine, which is then supplemented with electri c power for 
improved acceleration and ascending gradients. Mitsubishi has also integrated a 
continuously variable transmission, a new turbocharger to provide low and midrange 
torque, and an engine shutdown under idle conditions to help improve efficiency. The 
engine shutdown eliminates losses while the vehicle is stationary which is highly 
significant for city driving. 
Further research is required to optimise the design, focusing on engine restart emissions 
and most importantly to reduce the cost of producing such an advanced vehicle so it is an 
affordable product. Toyota have managed this, however the marketing of hybrid vehicles 
is just as important to persuade customers to buy new technology. 
1.7 Objectives of the Present Investigation 
Based on the current dri ve towards improved GDI engine technology it is important to gain 
a comprehensive understanding of the fundamental issues which dictate engine 
performance. Two of the most important aspects, the in-cylinder air motion and fuel spray 
quality, determine the engine's ability to successfully mix and combust the air/fuel charge. 
With improved fuel atomisation and homogeneous mixing there is more chance of efficient 
and complete combustion occurring, hence providing higher power output, whilst reducing 
emissions. 
Very little work has been conducted to investigate the transient spray charactmi stics of a 
pressure swirl spray [ 48, 49] and no fundamental studies of transient sprays have been 
encountered. The cun·ent study aims to investigate, on a fundamental level, the break up 
process of the injected fuel under atmosphetic conditions. The study will analyse the spray 
produced by a typical production GDI injector and a simplified 2-dimensional transient 
liquid sheet emitted from a unique research injection nozzle. Understanding the 
fundamental s of liquid break up will provide important information which can be used to 
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develop more accurate computer spray models, whilst providing a good knowledge base 
for further experimental work. 
The main objectives of the current study are: 
1. Design and build a fuel injection rig to operate at injection pressures up to 120 bar. 
2. Analyse a pressure swirl spray emitted from a typical GDI injector using spray 
1magmg, Laser Doppler Anemometry, LOA and Phase Doppler Anemometry, 
PDA. 
3. Design and develop the first rotary valve capable of producing a transient 2-
dimensional liquid sheet. 
4. Assess the development and break up process of the transient liquid sheet using 
spray imaging, LDA/PDA and Particle Image Velocimetry, PIV, with the long term 
aim of correlating the 2-D and 3-D data. It is anticipated that quantitative data such 
as break up lengths, wave frequencies and drop size distributions based on initial 
sheet thickness will allow modellers to develop a more accurate representation of 
the liquid break up process from a pressure swirl atomiser. 
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2.0 Fuel Injector Design 
An SI engme cycle with multi-point fuel injection, MPFI, consists of four phases; 
induction, compression, power and exhaust, as shown in Figure 2-1. To achieve this the 
piston travels up and down the cylinder twice as the crankshaft rotates through two 
revolutions or 720 degrees. 
L )l 
0 0 
lntermtttent 
AIR/ FUEL INTAKE COMPRESSION COMBUSTION EXHAUST 
Figure 2-1. Four strokes of the spark ignition engine cycle [50} 
The induction stroke is considered to be the start of the cycle, with the piston positioned at 
top dead centre (TDC). As the piston moves down the cylinder the inlet valves open 
allowing fresh charge to be drawn in due to the fonnation of a partial vacuum. Fuel is 
injected onto the back of the hot inlet valves during the intake stroke, which vapori ses to 
fonn the combustible mixture. The inlet valves close as the piston reaches bottom dead 
centre (BDC) and the compression stroke begins. As the piston rises both the in-cylinder 
pressure and temperature increase. The charge is compressed in the combustion chamber 
and a spark from the spark plug ignites the mixture at a point detenn ined by engine 
operating conditions. The charge bums rapidly, increasing the pressure and temperature, 
and forcing the piston back down to BDC as the gas expands. The exhaust valves open 
and the bumt charge is expelled with the upward motion of the piston. 
The four stroke engine cycle is clearly a complex process invo lving highly turbulent 
airflow, fuel atomisation, chemical kinetics and rapid changes in both pressure and 
temperature. The design of the injection system is ctiti cal to the efficient operation of such 
an engine and will be studied in further detail. 
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The MPFI has to meter the fuel precisely according to engine load, however, the design of 
the fuel injector can have a major influence on the efficiency and performance of the 
engine. Understanding how the injector geometry affects the spray characteristi cs is 
paramount so the injector can be optimised for a specific application and thus improve the 
overall engine efficiency. 
The fuel injector has a number of common requirements regardless of the applicatio n. A 
fuel injector, must be able to provide good atomisation over a wide range of fuel flows to 
match the changing demands of an engine. The injector operation should be consistent and 
free from any flow instabilities, often the cause of driveability problems and increased HC 
emissions. Poor atomisation is primarily caused as a result of blockages or carbon build-
up on the injector nozzle. The nozzle of a GDI and Cl injector is positioned inside the 
combustion chamber so it is essential that it can resist carbon build-up. The size of the 
final orifi ce and any swirl ports should be suffi cient to minimise the chance of blockage 
due to fuel contaminants. In most cases, once the fuel has left the nozzle orifice a uni fo rm 
drop size and fuel di stribution within the cylinder is required to provide stable and efficient 
homogeneous combustion. 
2.1 Spark Ignition Fuel Injector 
A typical MPFl injector, Figure 2-2, is a fuel metering device, essentially consisting of two 
main parts, a valve body and a nozzle body. The solenoid positioned at the rear of the 
valve body controls the needle valve and is held closed by a 5 vo lt positi ve supply. 
Reducing the solenoid voltage to ground during the induction phase releases the needle 
valve to allow the flow of fuel. When the positive supply is restored to the solenoid, the 
plunger of the magnetic circuit is forced against the valve seat by a helical spring. 
The major benefi t of inlet port injection over carburettor engines is that the Electronic 
Control Unit, ECU, can vary cycle to cycle fuel quantities to meet engine operating 
conditions, hence optimising fuel efficiency and reducing unwanted emissions. The 
injection duration is varied according to engine demand by adjusting the valve open time 
and hence quantity of fuel injected. The valve opens along the injector ax is by 0.15mrn 
typically, with an open time varying from 1.5 to 10 milli seconds, allowing fuel to flow 
through a calibrated annular passage. The valve open time, and therefore fuel quantity, is 
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mainly dictated by the air flow rate and engine load which are monitored by the ECU. 
Injection pressures for this type of injector range from 3 - 6 bar. 
Electrical 
Cennection 
Nozzle 
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0-Ring-~~...., 
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0-Ring ; ;_:, 
Figure 2-2. SI port fue l injector and spray shape for 2 inlet valve COJ~figuration [51] 
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This type of port injector is designed to provide a nan ow spray cone to minimise wall 
wetting, and direct the fuel towards the inlet valve. Engines consisting of2 inlet valves per 
cylinder often utilise a fuel jet directed at each inlet. The break up mechanism and 
atomisation process of such a spray has been documented by Lai el al [52, 53]. As a fuel 
metering device, the resulting atomisation of the fuel is poor, relying on fuel vaporisation 
when the liquid impacts the back of the hot valves. The reliance on hot valves and lack of 
vaporisation can lead to poor cold start characteristics for a pozi injected Sl engine causing 
fuel to enter the combustion chamber as large droplets. Under these conditions atomisation 
occurs due to the shearing effect of the intake air, which has been studied by Koederitz et 
al [54]. In contrast, the GDI injector nozzle positioned inside the cylinder fonns a larger 
spray cone angle by swirling the fuel for improved atomisation. The shape and stmcture of 
the resulting spray is predominantly dictated by nozzle parameters and ambient conditions 
such as pressure and temperature. 
2.2 Compression Ignition Fuel Injector 
For the compressiOn igni tion (CI) cycle much higher pressures and temperatures are 
observed on the compression stroke causing the mixture to spontaneously ignite without 
the aid of a spark plug. The injector, which can inject fuel at pressures in excess of 2000 
bar, is designed to inject varying fuel quantities directl y into the combustion chamber in 
response to engine load conditions. Fuel is typically injected towards the end of the 
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compression stroke resulting in a very short air/fuel mixing time. It is therefore imperative 
that fuel is injected at the precise time and atomisation is effective. 
The main difference between SI and Cl injectors is the former is electronicall y operated, 
whereas the Cl injector is operated using fuel pressure. A spring holds the needle valve in 
the closed position until the pressure reaches a specific value at which point the valve lifts 
from its seat allowing fuel to exit through several small holes. To withstand the higher fuel 
pressures the injector and entire fuel system consists of more robust bodies, joints and 
tubing than an SI fuel injection system. 
Spring 
Fuel inlet 
Annula r Area of Valve 
0 HIGH-PRESSURE FUEL c::l LOW-PRESSURE FUEL 
Figure 2-3. Compression Ignition fuel injector and mechanical arrangement [51} 
The effecti ve liquid atomisation provided by the CI injector can be attributed to the high 
fuel system operating pressures, from 500 to 800 bar with an inline pump and 800 to 1600 
bar for modem common rail injectors; and the design of the nozzles, either the hole type or 
pintle type. 
2.2.1 Hole type nozzle 
There are two hole type nozzles, sac and valve covered 01ifice, VCO, Figure 2-4, 
consisting of several holes which allow the fuel into the cylinder. The holes an anged 
equally on a PCD are nominally about 0.2mm in diameter. High fuel line pressures help to 
prevent any blockage that may occur due to the use of small diameter holes and the 
possible presence of fuel contaminants. 
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Figure 2-4. Sac type and valve covered or~fice, VCO, nozzles 
2.2.2 Pintle type nozzle 
The pintle nozzle, Figure 2-5, has one hole with a pin (pintle) located in the centre. When 
the pin rises, fuel is allowed to flow between the pin and the hole, creating a hollow cone 
spray. The shape of the cone is directly affected by the size and shape of the pintle. 
Figure 2-5. Pintle type nozzle 
The two main types of injector for SI and Cl engines, which have electrical and mechanical 
parts, are only suitable for internal combustion engines where the temperatures are not too 
high and the use of a valve type arrangement is necessary due to the engine cyclic nature. 
2.3 Pressure Atomisers 
Gas turbi ne engmes use a different type of injector to successfully atomise the fuel. 
Pressure atomisers conve1i pressure into kinetic energy, by accelerating the fuel as it exits 
the nozzle, creating a high relative velocity between the fuel and sunounding air. Some of 
these nozzle designs are used for SI and Cl injectors, the main difference is the absence of 
a valve for gas turbine applications which operate with a continuous fuel flow. 
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2.3.1 Plain-orifice 
A plain-orifice atomiser is simply a tube with a hole in the end. The fuel flows down the 
tube under pressure and is atomised as it exits the hole. The simplicity of this design 
makes it a popular choice for diesel injection, however, thi s type of injector produces a 
nan·ow spray cone angle, and the quality of atomisation is highly dependant on the fuel 
pressure. When the pressure differential reaches 0.15MPa the resulting high velocity jet 
rapidly disintegrates and is well atomised by the high degree of liquid turb ulence and the 
increased aerodynamic drag forces. These forces help to overcome liquid viscosity and 
surface tension enabling liquid jet break up and droplet formation. 
2.3.2 Simplex 
The simplex or pressure-swirl atomiser, Figure 2-6, swirls the liquid inside the nozzle to 
form a hollow cone spray with a large cone angle, which is advantageous in a gas turbine 
combustor for improved fuel/air mixing. As discussed previously in chapter 1, many GDI 
engine manufacturers have incorporated the pressure-swirl injector into their fuel systems. 
There are two main types of simplex atomiser, those that produce a solid cone and ones 
that produce a hollow cone. Solid cone sprays are generally used for applications such as 
painting and spray cooling, however hollow cone spray structures are of most interest for 
the combustion of fuel sprays. Ds 
Figure 2-6. Design of a simplex nozzle [55] 
As the fuel leaves the swirl chamber orifice, the tangential force helps to create a hollow 
cone. The spray cone angle is dependent on the relative axial and radial velocity 
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components at the exit of the injector. The internal flow characteristics also govem the 
thickness and uniformity of the annular fuel film fonned in the fina l discharge mifice and 
therefore the design of the swirl chamber is critical to the spray quality. The influence of 
intemal geometry will be discussed in chapter 3. 
Once the intemal dimensions have been optimised, the main drawback of the simplex 
atomiser is the use of only one set of tangential swirl ports. The flow rate of such a nozzle 
varies with the square root of injection pressure which means a large pressure increase is 
required to change the flow rate by a small amount. This limitation has lead to the 
development of other types of swirl atomiser such as the duplex and dual-orifice atomiser. 
2.3.3 Duplex 
The duplex nozzle, Figure 2-7, consists of a ptimary and secondary fuel system, and was 
developed to overcome the problems associated with flow rate through a simplex nozzle. 
The smaller otifice controls the lower flow range, with ptimary flow, while higher 
pressures and hence flow rates are controlled by the larger orifice. The secondary flow 
operates at a predetermined fuel pressure, at which point a valve opens to allow fuel to 
enter the swirl chamber. 
Primary 
Flow 
Secondary 
Flow 
Preai wiring 
[-1--"'"""'--+t Valve 
SecondaJy 
Primary 
Figure 2-7. A duplex atomiser andfite! system arrangement [56} 
Duplex Atomiten 
At low flow rates the injection pressure is significantly higher than that of the simplex 
nozzle, about 8 times higher, helping to reduce the mean drop size dramatically. However, 
a major drawback of this design is the reduction of cone angle when the secondary flow 
combines with the primary. The problem is avoided by setting the primary swirl ports on a 
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smaller tangent circle than the secondary ports. This reduces the cone angle for low fl ow 
rates, but allows for a more constant cone angle as the flow rate increases and the 
secondary flow enters. 
2.3.4 Dual-orifice 
The dual-orifice design uses two concentric simplex nozzles, Figure 2-8, with the primary 
located inside the secondary nozzle to eradicate the problems encountered with the Duplex 
design. Under this configuration the two sprays do not interfere in the orifi ce and therefore 
spray cone angle is stable throughout the operational range. 
The p1imary nozzle, or pilot, is used at low flow rates to provide high quality atomisation 
with a high fuel pressure supply. As the flow rate is increased the increasing pressure 
opens a valve at a predetermined value, as with the duplex nozzle, and allows fuel into the 
secondary nozzle. During this period, the atomisation quality is generall y poor due to the 
low pressure in the secondary nozzle. Designing the nozzle such that during thi s transition 
stage the primary cone angle is greater than the secondary, the two sprays are able to mix 
and hence provide improved atomisation. 
Figure 2-8. A dual-or(fice atomiser [57} 
2.3.5 Spill return 
The spill retum, Figure 2-9, is identical to the simplex atomiser, with a single fuel feed to 
the swirl chamber, however, this design incorporates a retum line on the rear wall of the 
swirl chamber. Whilst operating at maximum capacity, the valve located in the return line 
is closed to allow all the fluid to exit the injector nozzle. By using the valve to vary the 
quantity of fluid ejected from the nozzle, a high pressure can be maintained in the fuel feed 
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line. Good atomisation over the entire flow range is achieved as the fuel pressure remains 
high throughout. As the fuel passages are designed to constantly handle high flows, there 
is minimal 1isk of blockages in the nozzle. 
Inlet 
!l!"!!l'~~!!!!!!!!!!!!!!'5 ___ ..,.. Spill 
Figure 2-9. A spill return atomiser [57] 
The main drawbacks with such an atomiser is the high power requirement of the fuel pump 
for re-circulating the flow, the difficulty in flow metering, and the significant affect of 
spray cone angle with changing fuel flow rate. This is not a desirable characte1istic for gas 
turbines, and so their use has now been confined to large industri al furnaces. 
2.3.6 Fan spray 
Fan spray nozzles, as adopted by Toyota for their GDl engine, are often designed with a V 
grooved discharge orifice and a hemispherical cavity. This type of injector produces a 
narrow elliptical spray with tapering edges. 
The main drawback with this type of atomiser is that large drop lets can be produced in 
comparison to the swirl atomiser. For this reason the fan spray is generally used for 
applications such as spray coating where elliptical patterns are more appropriate, and is 
generally not used for engine applications, although it can be used in some small gas 
turbines. 
2.4 Air-Assist Atomisers 
If the swirl ports of the simplex nozzle are specifically sized to maximise fuel flow at 
maximum injection pressure, then low fuel flow rate conditions produce poor atomisation 
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due to the low pressure differential. This turn down ratio problem can be overcome with 
the introduction of air, to provide successful atomisation over the entire fuel flow range. 
There are two types of twin-fluid atomisers, air-assist and airblast. 
The air-assist method of atomisation uses the swirl atomiser as before, but incorporates a 
high velocity air stream, which is mixed with the fuel either, (a) internally or (b) externally 
as shown in Figure 2-1 0. 
Fuel 
Air 
Figure 2-10. Air-assist atomiser with (a) internal and (b) external mixing [57} 
The main difference between the two types, is in the control of the sprays. In the case of 
an internal air-assist atomiser, air is mixed with the fuel inside the swirl chamber and the 
spray cone angle can be changed by varying the air mass flow. At maximum air flow the 
cone angle is a minimum with the angle widening as the flow is reduced. The maximum 
spray angle attained with this type of design is approximately 60°, but gas turbines 
typically require a cone angle in excess of 90°. 
By mixing the two flows externally it is possible to maintain a constant cone angle at all 
fuel flow conditions. An advantage of the external design is that there is no back pressure 
due to internal mixing of the fuel and air, however, higher air flow rates are required to 
provide the same degree of atomisation. 
The major problem with air assist atomisers for aircraft applications especially, is the need 
for an external supply of high pressure air. In gas turbines, high pressure air enters the 
combustion chamber downstream of the compressor, but an even higher air pressure is 
required for the air assist atomiser. To avoid the complexities of pressurising an injector 
air supply the airblast atomiser was developed. 
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2.5 Airblast Atomisers 
The most commonly used gas turbine injector is the airblas t atomiser, which uses the hjgh 
pressure compressor air to atomise the fuel downstream of the injector. This process is 
ideal for gas turbine applications as it simply uses the existing pressure differential across 
the combustor and requires low fuel pressures to produce a well atomised spray. The 
process also provides thorough mixing of the air and fuel resulting in low soot fom1ation 
during combustion. There are several designs of air-blast atomisers, however, the most 
common is the prefi lming type, shown in Figure 2-J 1. 
SPACER 
rnJECTORBODY 
SECONDARY SWIRLER 
AIRFLOW 
Figure 2-11. A prefllming airblast atomiser [58} 
To provide improved atomisation, most airblast atomisers incorporate a prefilmer, 
suJTounding the fuel injector, onto which the fuel is sprayed. The fuel is spread out into a 
thln sheet on the prefi.lmer and, on reaching the edge, is subjected to the fast moving air 
stream. The shear force between the inner and outer air streams helps to atomise the thin 
liquid sheet. Using a counter swirl between the primary air flow inside the prefi. lmer, 
adjacent to the injector, and the secondary flow outside the prefi.Lmer, it is possible to 
achieve exceptional atomisation with the increased shear force. 
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2.6 The GDI Injector 
Gasoline direct injection, GDI, is a relatively new concept for mass produced spark 
ignition engines which uses design features derived from some of the previously di scussed 
atomisers, Figure 2-12. Tbe GDI injector is controlled in the same way as a conventional 
SI fuel injector, a solenoid operated needle valve controls fuel mass flow. The injector 
nozzle itself is positioned in the combustion chamber to provide fuel injection directly into 
the engine cylinder similar to that for a compression ignition engine. As discussed in the 
introduction, there are va1ious designs of GDI injector on the market and under 
development. Most utilise a swirl chamber upstream of the needle valve, producing a swirl 
component to the fuel flow in the same way as gas turbine pressure swirl atomisers. This 
forms a swirling hollow spray cone to promote fuel break up. Other designs include fan 
sheets [31 ], and air assist atomisers such as the Orbital injector [22]. 
SI technology 
Figure 2-12. GDI Development 
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3.0 Flow Phenomena 
3.1 Atomisation of Liquids 
The atomisation quality of fuel is a measure of injector perfonnance and significantly 
affects combustion efficiency. The fuel is atomised primmily to maximise the surface area 
of the liquid, thus promoting a high evaporation rate prior to combustion. 
An overview of liquid atomisation will be discussed in this section followed by a more 
detailed assessment of nozzle flow and the behaviour of liquid sheets. The three most 
researched areas of liquid atomisation are in-nozzle flow, behaviour of liquid sheets and 
jets, and droplet formation, shown in Figure 3- 1. fn general, the fuel is injected in the form 
of a liquid jet or a sheet, depending on the type of atomiser, which then breaks up into 
droplets further downstream. The break up of the jet or sheet is known as ptimary 
atomisation, and typically forms a wide drop size distribution. Subsequent break up of the 
droplets into smaller droplets is referred to as secondary atomisation. 
Primary Atomisation 
Figure 3-1. The atomisation process 
Nozzle Flow 
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3.1.1 Liquid Jets 
When a liquid jet exits the nozzle orifice, the surface of the continuous jet is subjected to 
both cohesive, i.e. surface tension, and disruptive, i.e. aerodynamic, forces, which generate 
oscillations. If the oscillation amplitude increases downstream, primary atomisation of the 
jet occurs to form ligaments and droplets. Through early experimentation, summarised by 
Lefebvre [59], it has been shown that the length ofthe continuous part ofthejet is directly 
proportional to the jet velocity for a given liquid jet diameter. 
Lord Rayleigh, a prominent figure in the early mathematical analysis of jet break-up [60], 
used the analytical method of small disturbances to predict the necessary conditions which 
cause the collapse of a low velocity liquid jet. The work compared the surface energy 
(directly proportional to the product of surface area and surface tension) of the disturbed jet 
with that of the undisturbed jet, allowing calculation of the potential surface energy of the 
disturbed configuration. The potential surface energy is a measure of the j et stability. 
It was noted for non-symmetrical disturbances the jet was stable and the potential surface 
energy (Es) was positive. However, a symmetrical di sturbance exhibited a negative Es and 
hence resulted in an unstable liquid jet. This meant that a liquid jet affected only by 
surface tension forces would become unstable to an axisymmetric disturbance with a 
wavelength greater than the circumference of the jet. The investigation showed that all 
disturbances would increase on non-viscous liquid jets under laminar flow conditions, with 
wavelengths greater than the jet circumference. It was also established that one class of 
disturbance will grow fastest and dictate the break up process. Rayleigh showed that the 
exponential growth rate, q, of the fastest growing disturbance is given by: 
(1) 
Where cr is surface tension, PL is liquid density and d is jet diameter. It was found that the 
optimum disturbance wavelength, A corresponding to the maximum growth rate was equal 
to 4.5ld. Additionally the cylinder of length 4.51 d, fonned a spherical drop after break up 
of diameter, D = 1.89d. This indicated that the Rayleigh break up mechanism formed an 
average drop size that was close to twice the jet diameter. Experimental work carried out 
by Tyler [61] showed close agreement with the relationships derived by Rayleigh. 
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Ohnesorge [62] researched photographic records of jet disintegration and found a criteria 
for classifying the di sintegration based on the relative imp011ance of gravitational, inertial, 
surface tension, and viscous forces. A non-dimensional group was establ ished, known as 
the stability number, the viscosity group or the Ohnesorge number: 
(2) 
Where UL is liquid velocity, PL is density, do is 01ifice diameter, cr is surface tension and I-lL 
is dynamic viscosity. Plotting Ohnesorge number against Reynolds number, Figure 3-2, it 
was possible to split the various mechanisms of jet break up into three regions according to 
the rate of drop fonnation: 
1. At low Reynolds numbers, i. e. up to 103, the jet disintegrates into large drops of 
unifonn size, conforming to the Rayleigh mechanism. 
2. At intennediate Reyno lds numbers, up to 104 , the break up of the jet is by jet 
oscillations with respect to the j et axis. As air resistance increases, the magnitude 
of the oscillations increase until complete jet disintegration occurs. This produces a 
wide drop size range. 
3. At high Reynolds numbers, 103 upwards, complete atomisation with in a short 
distance of the di scharge orifi ce is achieved. 
RAYLEIGH, 
VARICOSE 
BREAKUP 
I 
SECONDARY 
ATOMIZATION 
Figure 3-2. Ohnesorge classification of disintegration modes [63} 
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The diametrical velocity profile of the jet is clearly influential in the break up process, 
Figure 3-3 [64]. Generally, a laminar flow presides at low flow conditions or if the liquid 
has a high viscosity, whereas turbulent flow conditions are present under high flow 
veiocities. The critical Reynolds number is often used to define the point at wlllch a liquid 
jet becomes turbulent. Turbulent flows which are encountered most commonly, possess 
relatively fl at velocity profiles, and do not require strong aerodynamic forces to aid the 
break up process, as the internal forces are suffi cient to initiate disintegration. 
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Figure 3-3. Jet stability curve and velocity profiles [64] 
3.1.2 Liquid Sheets 
There are three main types of liquid sheet; fl at, conical and fan. Generally, flat sheets are 
used for experimental purposes to gain an understanding of the associated break up 
mechanisms, and fan sheets can be used for painting applications, although Toyota [31] 
have adopted such an atomiser for their GDI engine. The fonnation of conical sheets, 
however, is most commonly used for fuel injection applications, such as the pressure-swirl 
and airblast atomisers. 
The instability and wave fonnation at the interface between the continuous and 
discontinuous phases, i.e. the fluid surface, are the main factors influencing the break up 
mechanism of fl at sheets. A small disturbance on the surface of a liquid sheet will cause a 
ripple or a wave. The surface tension forces act to pull the liquid back to its original state, 
however, the shape of the wave causes a local decrease in static pressure, due to the 
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increase in local air velocity. This decrease in pressure expands the disturbance further, 
thereby promoting instability. 
The method of liquid sheet disintegration can take several forms, such as nm 
disintegration, where surface tension forces dominate break up, wave di sintegration 
exhibiting break up similar to that shown in Figure 3-4 [65, 66], and perforated sheet 
disintegration, where intemal disturbances cause holes to form. 
Figure 3-4. Idealised break up of a wavy liquid sheet [65, 66] 
3.1.3 Droplet Break Up 
The process of atomisation essentially converts a quantity of liquid into many small drops. 
The surface tension of the liquid acts to pull the liquid into a spherical shape, of minimum 
surface energy. When extemal aerodynamic forces act on the droplet, further break up can 
occur if these forces exceed the surface tension force. The liquid viscosity has a major 
influence on the surface tension and its susceptibility to further break up. Larger drops are 
more unstable and are therefore readily broken into smaller droplets. This mechanism of 
large drops di sintegrating to form smaller drops, or secondary atomisation defines the final 
drop size distribution in the spray. The droplets in a spray will stop disintegrating when 
the intemal forces equal the extemal forces, preventing further deformation. 
The dynamic pressure, surface tension, and viscous forces control the various types of 
break up. Simply increasing the fuel injection pressure leads to finer atomisation due to 
the increase in relative velocity between the gas and liquid flow. 
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A dimensionless quanti ty known as the Weber number has been developed, which governs 
the size of the droplets. This number is a ratio of the aerodynamic force to the surface 
tension force: 
(3) 
Where d0 is final orifi ce diameter, cr is the surface tension force and Pg (Ug - U1) 2d0 is the 
aerodynamic force. As the velocity of a droplet is increased relative to the air velocity the 
aerodynamic fo rce acting on it increases and a higher surface tension force is required to 
prevent break up. When a large aerodynamic force is present the larger drops wi thin a 
spray cannot survive and are broken down into smaller drops. A larger Weber number 
indicates a more finely atomised spray, due to the presence of a high aerodynamic force or 
low surface tension. The Weber number can be used to determine a criti cal relative 
velocity at which a droplet of a given diameter will break up and fonn several smaller 
drops. Critical Weber numbers for droplet break up vary between 1.04 and 1.18 [67). 
3.1.4 Spray Characteristics 
The spray characteristics, such as spray cone angle, j et penetration, patternation and drop 
size di stribution, ultimately detennine combustion efficiency of the air/fuel mixture. These 
quantifiable characteti stics allow direct compa1isons between different sprays, and most 
importantly, allow the engineer to design combustion systems to suit the atomiser. 
The spray cone angle is of most impotiance to the airblast and pressure-swirl atomisers 
which spread the fuel out from the spray axis, to encourage liquid sheet break up and 
effective air/fuel mixing. MPFI systems use the plain-01ifice type atomiser which 
produces a jet with a comparatively small cone angle directed towards the inlet valve, to 
reduce side wall wetting. The spray cone angle is effected by liquid properties, such as 
viscosity and surface tension, and air propeti ies such as turbulence levels and ambient 
pressure. It has been shown that high ambient pressures cause the spray cone of a GDI 
spray to collapse [68). 
Although expressions have been derived for the spray cone angle, these are often in terms 
of nozzle di mensions only, and neglect liquid properties . Tt is evident that nozzle 
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dimensions significantly effect the spray cone angle, shown m Figure 3-5, and the 
prefi lming airblast atomiser is able to produce much larger spray cones than those 
produced by the simplex nozzle [69]. 
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Figure 3-5. Theoretical relationship between atomiser dimensions an.d cone angle [69} 
The spray cone angle produced by a particular injector nozzle is influential on jet 
penetration. The spray penetration as defined by Lefebvre [70] is the maximum distance 
the spray reaches when injected into stagnant air, and is governed by the relati ve 
magnitudes of two opposing forces, the kineti c energy propelling the jet, and the 
aerodynamic resistance of the surrounding gas. 
Generally, a nan·ow spray has a high penetration, and a spray with a large cone angle has 
low penetration. Higher injection pressures achieve better penetration, but onl y up to a 
point. The higher velocities lead to finer atomisation, which increases the surface area of 
the spray leading to higher aerodynamic drag. This drag acts to reduce the penetration and 
prevents fu rther spray penetration. To summa1ise, maximum penetration occurs when the 
kinetic energy of the spray can no longer overcome the aerodynamic drag. 
The penetration of a spray is of great importance when considering Cl engine applications 
and GDI engines alike, as the injector's position inside the cylinder mean that wall and 
piston crown spray impingement are inevitable. Several equations have been developed 
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for the theoretical jet penetration, however, only one, derived by Dent [71), most closely 
follows experimental data: 
(4) 
Where S is tip penetration, t\PL is pressure differential , PA is density, d0 is orifice diameter, 
t is time and TA is temperature. Although the spray cone angle and penetration are 
important geometric parameters, it is the break up mechanism which ultimately dictates the 
uniformity of the fuel distribution. The fonnation of a homogeneous air/fuel mixture is 
preferable in most cases to prevent the occurrence of hot spots and improve the combustion 
characteristics. Poor spray distribution can lead to high concentrations of unbumed 
hydrocarbons and carbon monoxide in regions of lean mixture due to the low bum rate, 
whereas rich mixtures produce high levels of soot. 
The drop size distribution is equally as important as fuel distribution, agam, directly 
affected by the primary break up mechanism. Small droplets are desirable for fast 
vaporisation, however they possess very little momentum and penetration is therefore low. 
Large droplets penetrate further, however the vaporisation process is slower. A good drop 
size distribution is desirable in most cases so the spray can perfonn both tasks. 
Symbol Name Use 
D IO Arithmetic Mean Suited for the calculation of evaporation rates 
D2o Surface Mean Surface controlling applications such as absorption 
D3o Volume Mean Volume controlling applications such as hydrology 
D21 Surface Mean Absorption studies 
D3t Mean Evaporation Evaporation and molecular diffusion studies 
D32 Sauter Mean Efficiency and mass transfer rates in chemical reactions 
D43 HerdanMean Combustion studies 
Table 3-1. Drop size tenninology 
The mean drop size can be measured using many different methods, as shown in table 3-1, 
however, there are several conventions which are most commonly used. The Sauter mean 
diameter (SMD), 0 32, is defined as the diameter of a drop having the same volume to 
surface ratio as the entire spray. The other, which is used less frequently, is the mass 
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median diameter (MMD). The MMD is the drop diameter that 50% of the mass of the 
drops lie above. The arithmetic mean diameter, 0 10, is commonly used to allow the 
calculation of evaporation rates. Most fuel drops lie in the range of 10 to 40)lm in 
diameter, but ideally the droplets should be less than 30j..tm as drops of this size have a 
higher evaporation rate. 
3.2 Nozzle Flow 
The fluid flow behaviour inside the injector nozzle is critical to the spray development and 
atomisation quality, as the internal flow characteri stics govern the thickness and uniformity 
of the emitted liquid jet or sheet. Disturbances caused by surface imperfections or nozzle 
geometry can grow further downstream causing undesirable spray characteristics. It is 
therefore important to examine the relationship between the intemal liquid flow structure, 
nozzle design and final spray characteristi cs to improve and optimise the architecture of 
injector nozzles. 
Much work has been conducted to investigate the intemal flow characteristics of many 
types of injector design and thi s is clearly summarised by Arthur Lefebvre [72]. The 
empirical relationships however, should be used with some caution as the test conditions 
are not always representative of modem injection systems which may operate at higher 
injection pressures. The fo llowing section aims to summari se the important nozzle 
parameters showing their affect on spray development. 
3.2.1 Discharge Coefficient for Plain-Orifice Nozzles 
The di scharge coefficient of a nozzle affects the flow rate and hence the velocity and spray 
cone angle, and is highl y dependent on the type of nozzle, i.e. whether a plain orifice or a 
pressure swirl type. Essentially, the discharge coefficient is affected by the pressure loss 
through the nozzle passages and the way in which the liquid utilises the final orifice. 
Experimental work [72] has shown that parameters of most importance are Reynolds 
number, length/diameter ratios, inlet chamfer, pressure differential across the orifice, 
ambient gas pressure, and cavitation. 
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3.2.1.1 Reynolds Number and Nozzle Architecture 
The nozzle architecture, most importantly the length to diameter ratio, l0 /d0 , of the final 
orifice, and Reynolds number, significantly effect C0 at low injection pressures (Re<l 000). 
Lichtarowicz [73] focused on discharge characteristics of orifices with varying l0 /d0 ratios 
up to 10 and Reynolds numbers up to I 00,000, Figure 3-6. Under laminar flow conditions 
(Re< l 00), C 0 increases in a linear fashion with Reynolds number. However, for 10/d0 of 
0.5, the flow becomes semi-turbulent in the Re range 100-1000, and C 0 reaches a 
maximum value before decreasing to a steady state as the flow becomes turbulent. 
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Figure 3-6. Variation. a_( discharge coefficient with Reyn.olds number [73} 
The results showed that as the l0 /d0 ratio was increased the peak C0 disappeared, due to the 
increasing orifice length which allowed the jet to fill the nozzle making full use of the 
nozzle exit area. The liquid flow generally separates as it enters the sharp-edged orifice, 
and requires a finite orifice length before the fluid reattaches itself to the orifice wall. 
The maximum C 0 was reached when the l0 /d0 ratio had a value close to 2. As the orifice 
length was increased still fu1ther, the frictional losses acted to decrease C 0 linearly. It can 
also be seen from the data that Co increased with Reynolds number up to a Reynolds value 
of 2000, after which, C0 was unaffected and remained constant. Design recommendations 
from the study indicate that the 1/d ratio should not be less than 1.5 since there was rapid 
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va1iations of C 0 below this value. For a typical plain-orifice injector which operates with a 
turbulent flow, C 0 is unaffected by Reynolds number. 
As previously mentioned in this section, the sharp edge of the orifice can cause the liquid 
flow to separate on entry, especiall y under hjgh pressure, leading to cavitation. Spikes and 
Pennington [74] investigated the discharge variation of small submerged orifices used in 
aero-control systems. The effect of altering the orifice length and the nozzle inlet chamfer 
on C0 was studied. The data showed that the introduction of an inlet chamfer increases 
C0 , with an optimal chamfer of so·, Figure 3-7. At the optimum chamfer angle, it was 
observed that increasing the chamfer depth significantly increased the value of C 0 . 
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Figure 3-7. Effect of inlet chamfer angle on discharge coefficient [74} 
3.2.1.2 Cavitation 
Cavitation is the tenn given when the fluid releases bubbles in regions where the static 
pressure is lower than the vapour pressure of the liquid. The addition of bubbles to the 
flow has a significant impact on C0 . Although effervescent atomisers make use of a 
bubbly flow, in other atomiser designs, bubbles lead to a C0 reduction, and their presence 
can cause nozzle erosion. A cavitation number, C, has been developed to quantify the 
phenomena as a ratio of pressures: 
Cavitation Number, C = Pt - p 2 
P2 - Pv 
(5) 
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Where p 1, p2 and Pv are the upstream, downstream and vapour pressures respectively. 
When the local pressure equals the vapour pressure of the liquid, cavitation occurs, 
however, if the vapour pressure is sufficiently small , as in the case of aviation kerosene, it 
may be neglected. If the cavitation number increases, the resulting C 0 for the nozzle is 
dramatically reduced [74]. The onset of cavitation is associated with sharp corners, which 
create regions of high liquid velocity and hence low static pressure. Chamfering the entry 
to the orifice provides a smooth entrance for the liquid to alleviate the problem and 
increase liquid flow rate through the nozzle orifice. 
3.2.1.3 Injection Pressure 
The injection performance is also influenced by the pressure differential across the nozzle 
orifice. The liquid injection pressure has very little influence on C0 , however, as the 
length of the orifice is increased, increases of injection pressure lead to higher frictiona l 
losses, increasing with the square of the velocity. 
The results of work by Arai et al [75] investigating the effects of ambient pressure whilst 
injecting water through a 0.3mrn nozzle, indicate that C0 changes with ambient pressure 
and Reynolds number up to a value of 8 bar. Above this pressure C0 remained 
independent of ambient pressure. 
3.2.2 Discharge Coefficient for Pressure-Swirl Nozzles 
Due to the presence of an air core in the middle of the orifice, the discharge coefficient of a 
pressure-swirl atomiser is significantly lower than that of the plain-orifice type. Radcliffe 
[76] conducted a detailed investi gation into the internal geometry of pressure-swirl 
nozzles, studying a total of 279 different configurations of varying orifice and swirl port 
diameters, and measuring spray cone angle and flow rate. A relationship for flow rate was 
developed based on nozzle dimensions, however, it is clearly stated this only applies to a 
limited range. He notes that increasing the orifice diameter increases the spray cone angle, 
however, the cone angle decreases as the swirl port diameter is increased. It is probably 
that increasing the port diameter reduces the inlet flow velocity and hence the tangential 
swirl component is reduced, leading to a reduction of spray cone angle. Reduced 
tangential swirl at low Reynolds numbers causes the fluid film to thicken in the final 
orifice due to liquid viscosity, and hence increases discharge coefficient because of the 
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more effective use of the orifice. Atomisers do not generally operate at these low flow 
rates, and over the working range of a typical pressure-swirl nozzle, the discharge 
coefficient is uninfluenced by Reynolds number. 
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Figure 3-8. Relationship between discharge coefficient and atomiser dimensions [72] 
Various equations have been derived for C0 , and summari sed by Lefebvre [72], however, 
these relationships predominately utilise nozzle dimensions whilst excluding liquid 
properties. Rizk and Lefebvre [77] de1ived an expression for C0 in terms of atomiser 
dimensions which, follows the theoretical relationship between discharge coefficient and 
atomiser constant, K, shown in Figure 3-8. 
Discharge Coefficient, C0 ~ 0.35J( AP J(Ds ]0.25 
Dsdo do 
(6) 
Where Ap is inJet port area, 0 5 is swirl chamber diameter, and d0 is final orifice diameter. 
The equations for discharge coefficient clearly show that nozzle architecture has a 
significant effect on the pressure swirl nozzle, more so than the plain orifice. The effect of 
increasing the swirl chamber to orifice diameter ratio, Dsldo increases the discharge 
coefficient. There are conflicting views as to the maximum value for D5/d0 , however, 
Lefebrve [78] suggests the ratio should not exceed 3.3 in an effort to minimise frictional 
losses whilst maintaining an adequate liquid flow rate through the injector nozzle. 
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The swirl-chamber length/diameter ratio, LsfDs should be kept as small as possible to 
reduce fri ctional losses, whilst long enough to allow the tangential jets to fonn a unifom1 
vot1ex sheet before the liquid issues from the nozzle. Most designs use a ratio in the range 
0.5-1.0 with a maximum of about 2.75 . 
All aspects of the nozzle geometry have some effect on the overall discharge coeffi cient 
and spray quality. However, liquid prope1iies also have an influence on atomiser 
perfonnance. Jones [79] extended previous work and from the analysis of experimental 
data de1ived the following expression for C0 : 
Discharge Coeffi cient, CD= 0.45 oPLU ~ ~ __ P_ Ds (7) ( d J-o.o2 ( J-O.o3( Jo.os( A Jo.s2( Jo.23 JI.L do Ds Dsdo do 
Based on Jones' investigation, the non-dimensional groups in the equation each have a 
specific range for which the expression is valid. It is unclear how accurate the relationship 
is when operating outside these limits. The Mitsubishi GDI pressure-swirl nozzle used for 
the current investigation is shown in Figure 3-9. Some of the nozzle dimensions for the 
GOT injector indicate that the dimensionless groups do not lie within the covered range to 
allow successful use of the derived di scharge coeffi cient equation. However, using 
equation 7 to calculate the discharge coefficient for the Mitsubishi nozzle, Appendix 1, 
gave a value of 0.248, showing close correlation with the theoretical, Figure 3-8. 
View on Section AA 
Figure 3-9. Mitsubishi GDJ pressure swirl injector nozzle 
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3.2.3 Liquid Film Thickness 
The nozzle parameters of a pressure-swirl atomiser also have a significant influence on the 
liquid film thickness. The size of the air core area directly effects the liquid film thickness 
in the final orifice of a pressure-swirl atomiser and hence the atomisation qual ity and final 
droplet size distribution. There are various expressions, which describe the film thickness, 
however these should be used vety carefully, due to the mixture of SI and imperial uni ts. 
0.00805-JP: FN 
Liquid fi lm thickness, t = -----'----
d0 cosfJ 
(8) 
Equation 8, where FN is flow number, PL is liquid density, do is orifice diameter and 8 is 
half cone angle; provides an estimated sheet thickness of 0.0706mm for the Mitsubishi 
GDI spray, which correlates well with the sheet thickness calculated from the average mass 
fl ow, of 0.0623mm, Appendices 2 and 3. Rizk and Lefebvre [77] developed a general 
expression for fi lm thickness in tenns of air core to final orifice area ratio, X, liquid 
properties such as density, PL and viscosity ~lL, injection pressure, 6.PL and mass flow, m L: 
(9) 
The expression was then used to calculate the film thickness for various nozzle dimensions 
and operating conditions. The results showed that over a pressure range, 5 - 25 bar, an 
increase in pressure drop across the nozzle reduces the liquid sheet thickness. The rate of 
change of sheet thickness reduces substantially towards 25 bar and it is believed that higher 
pressures, such as those used for GDI applications, wi ll have little or no effect on changing 
the sheet thickness. 
This is supported by the work of Le Coz and Hennant [80] who concluded that the gas 
core and liquid sheet thickness does not vary significantly with pressure at injection 
pressures of 50 bar and above. A high magnification lens was used to capture images of 
the fuel flow inside a Perspex nozzle of 3mm length attached to a GDI injector. The 
investigation showed that the liquid sheet thickness inside the orifice of a GDI pressure 
swirl injector lay in the range 120 - 170pm. These results do not con·elate well with the 
theoretical and it is questionable whether equations 8 and 9 are applicable to such nozzles. 
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The liquid film becomes thicker as the final orifice diameter is increased, mainly because 
of the decrease in discharge coefficient [8 I]. The film thickness is also increased with 
larger inlet ports due to the increased fl ow through the nozzle. Likewise, reducing the 
swirl chamber diameter acts to decrease the flow swirl component and hence reduces the 
diameter of the air core. 
Equation 9 was also used to compare values of liquid film thickness to the respective 
Sauter mean diameter (SMD) data. The results shown graphically, in Figure 3-1 0, indicate 
that SMD cc t0·39. This relationship clearly shows the significance between the liquid sheet 
thickness and the resulting droplet size. Increasing the thickness of the liquid sheet from 
0. 1 to 0.25mm has the effect of increasing the SMD by approx imately 40% 
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3.2.4 Flow number 
The flow number of a nozzle is used to desc1ibe the effective flow area, and for a plain 
orifi ce nozzle can be represented as a ratio of nozzle flow to the square root of the injection 
pressure differential. The problem with this ratio is that it is not possib le to assign a fixed 
value for a given nozzle, as it is fluid dependant, i.e. the flu id must be the same as the 
calibrating fluid of density 765 kg/m3.. It is however, possible to assign a fixed flow 
number to a specific nozzle for all liquids by including the liquid density i.n the ratio: 
Fl N b FN flow rate, kg/s ow um er • = _ 
' (pressure differential, Pa) 0·5 (liquid density, kg/m 3 ) 0.) (10) 
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Instead of representing the flow number in tenns of mass flow, pressure drop across the 
nozzle and liquid density, for a pressure-swirl nozzle, the flow number can also be 
represented in tenns of nozzle geometry. From experimental data the following fl ow 
number expression has been derived [72]: 
( 
A o.s d us ) 
Flow Number, FN = 0.395 P 0 : -D .-) 
s 
(JI) 
Clearly, as the swirl chamber diameter, Ds, is increased the fl ow number decreases, and as 
the inlet port area, Ap and final orifice diameter, d0 is increased the flow number increases 
due to the increase in flow area. The fiictiona l losses in the nozzle are relatively low and 
have a negligible effect on fl ow number. The flow number for the Mitsubishi nozzle is 
2.426xl0-7, Appendix 2. 
3.2.5 Velocity coefficient 
The velocity of the liquid as it exits the nozzle is of great imp01tance as this to a large 
extent dictates the quality of the atomisation and hence the size of the spray droplets. The 
velocity coefficient of a nozzle is defined as the ratio of the true discharge velocity to the 
theoretical one based on the pressure drop across the nozzle: 
Velocity Coefficient, K v = U 0 _ (2ML I pL) .) (12) 
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Figure 3-11. influence affinal orifice diameter on effective injection pressure [82} 
Page 53 
Chapter 3. Flow Phenomena 
Effective injection pressure data displayed in Figure 3-11 shows that the pressure ratio and 
hence velocity coeffi cient decrease rapidly with increasing orifice diameter. The plot also 
highlights the increasing ability of the nozzle to efficiently convert the available pressure 
drop into a discharge velocity as the pressure differential is increased. 
Inlet port diameter, swirl chamber diameter and atomiser constant also affect the velocity 
coefficient, as does liquid viscosity, due to its affects on fi lm thickness and cone angle. An 
increase of viscosity reduces the effi ciency by which the nozzle converts pressure 
di fferential into kinetic energy at the nozzle exit, thereby resulting in poor atomisation. An 
expression for the velocity coefficient has been derived, based on the main factors, which 
influence this quanti ty; atomiser constant, K=Ap/Dsdo, pressure drop, ~PL, liquid density, 
PL and viscosity ~LL: 
( ]
0.2 
Velocity Coefficient, Kv = 0.00367 K 0·29 M L p L 
f-L L 
3.2.6 Optical nozzle investigations 
(13) 
It is evident that much work has been conducted to assess the nozzle performance based on 
geometrical parameters, however a comprehensive understanding of the flow behaviour 
inside the nozzle is still to be acquired. The flow structures contained within the nozzle 
invariably affect the resulting break-up mechanism of either the sheet or the j et further 
downstream. With technological advances it is now possible to visualise the liquid inside 
the nozzle without adversely affecting th e flow structure [83, 84, 85, 86]. AIJen et al [83, 
84] used real sized Fused Silica nozzles, avoiding problems associated with scaling, to 
visualise the fuel flow inside the Mitsubishi GDI nozzle. The flow was seeded with Iriodin 
III particles and a Particle Image Velocimetry, PlY, technique was used to assess steady 
flow velocities of up to 160m/s inside the 1 mm diameter ori fice. However, due to the 
complexities of measuring a 3-dimensional flow using a 2-D imaging technique, further 
work is still required to obtain a complete understanding of the internal flow structure. 
Toyota [85] have also used an optical nozzle to investigate the flow within their slit type 
nozzle although the rig is a I 0-times enlargement, relying on Reynolds number matching 
to provide reali stic results. Using tracer particles it was possible to assess vortex 
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generation in the sac region whilst varying the valve lift. These intemal characteristics 
were subsequently related to the spray angle and penetration. An interesting aspect of the 
work was the effect of changing the valve seal from conical to spherical. Changing to a 
spheri cal seal minimised votiex generation inside the nozzle, producing improved 
penetration and fmer atomisation. When this was implemented on the real engine it was 
possible to expand the stratifi ed charge operating region, however, there is no indication as 
to how much the region was expanded. 
Using a scaled up swi rl injector, Cooper and Yule [86] investigated the behaviour of the air 
core under low flow conditions. The frequency and structure of the surface waves were 
investi gated inside the nozzle and related to those observed on the liquid sheet outside. 
These works are relatively new and much work is still required before the intemal flow 
structure is fully understood and can be con·elated wi th the extemal spray characteri stics. 
3.3 Liquid Sheets 
Factors influencing the development and break up of liquid sheets include; the initial 
injection velocity, predominantly dictated by the pressure drop across the nozzle, 
atmospheric conditions, physical properties of the liquid and the geometry of the nozzle. 
At low liquid sheet velocities surface tension fo rces prevent expansion of the liquid sheet 
due to the low aerodynamic fo rces present. Th is generally leads to the convergence of the 
liquid sheet with little or no break up occun·ing. Mansour and Chigier [87] investigated the 
convergence lengths of a 0.254mm thick liquid sheet at liquid velocities below 8m/s, 
measuring convergence lengths up to 0.8m downstream from the orifice. A tomisation 
clearl y does not occur under such low flow conditions, however, as the velocity is 
increased, the sheet expands until equilibrium between surface tension and aerodynamic 
forces no longer exists, at which point break up is initiated. 
The reduced complexity of a planar sheet compared to the more commonly encountered 
conical sheet allows for easier analysis of the surface wave structures and break up 
mechanisms. The experimental study of fl at liquid sheets most significantly began with 
work conducted in the mid 1950s by researchers including Donnan (88], Dombrowski and 
Fraser [89], Hagetiy and Shea [90] and Brown [91 ]. Numerical studies by York et al [92], 
Squire [93], and Taylor [94, 95, 96] were also conducted to further the understanding of 
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experimental data. These studies have since been the basis for further work in the field of 
liquid sheet di sintegration. However vast technological improvements in experi men tal 
techniques over the last half century indicate that these investigations should now be used 
as an introduction to liquid sheet di sintegration rather than a definitive guide. 
Most signifi cantly, these investigations were conducted at relatively low injection 
velocities and it is questionable whether the results are applicable to today' s high pressure 
appl icati ons. Important observations have been made however, such as the dependence of 
sheet stability on the relative surface tension to pressure forces acting at the sheet surface. 
Hagerty and Shea [90] identified two types of waves, sinuous and dilationa l wh ich have 
since been used for the basis of further instability investigations. The ava ilable literature 
from the past 60 years has provided information on many aspects of liquid sheet 
disintegration which wi ll be summarised in the fo llowing sections. 
3.3.1 Liquid Properties 
Liquid properties, such as density, viscosity, and surface tension significantly effect the 
behaviour of fluid break up and final atomisation. For example increasing fluid viscosity 
reduces the likelihood of prompt atomisation due to the presence of greater internal forces 
within the liquid . Dombrowski and Fraser [89] conducted a photographic study to 
qualitati vely assess the disintegration of liquid sheets. Several aspects of liquid sheet 
disintegration were investigated, including the development of a liquid sheet with pressure, 
factors influencing the sheet stability, which they defined as its resistance to disintegration, 
and the mechani sm of liquid thTead fonnation. 
Figure 3-12. Development of liquid sheet with increasing pressure [89] 
The development with increasing pressure of a flat liquid sheet ( 15% soluble o il/water) 
emitted from a single-hole fan-spray nozzle is shown in Figure 3- 12. In itially, at low 
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injection pressures, a small sheet is present bounded by thick rims and drawn together by 
surface tension forces. Analysis of these rims has been undertaken in a separate study by 
Clark and Dombrowski [97] , who derived a theoretical relationship for the trajectory of the 
sheet edge: 
2Nr = I - cos(8 - 8o) + 3/2 (8 - 80) 2 (14) 
Where N is a parameter in terms of surface tension, liquid density, velocity, and sheet 
thickness, r is radial distance from the centre of pressure to any point on the rim, 80 is 
angle of emergence from the nozzle and 8 is the angle of the specific point in relation to 
the nozzle. It is unclear whether this equation can be applied to other fan spray cases, 
however, in general these equations should be used with caution. 
As Dombrowski and Fraser (89] increased the injection pressure the liquid sheet opened 
out as surface tension was overcome, whilst the sheet thickness reduced and regular 
osci llations developed in the rims. At a pressure of 25Lb/in2 (approx. 1. 7bar) the liquid 
sheet length reached a maximum and the rims reduced to a number of thin threads. A 
wave motion developed at the sheet's leading edge, which became more pronounced with 
further pressure increases and the region of disintegration moved towards the nozzle. 
Tests were conducted using different liquids of va1y ing surface tensions, viscosities and 
densities in an attempt to assess their individual affects. Whilst using alcohol it was 
observed, due to the lower viscosity, that a sheet was formed even at low pressures where 
previously the surface tension had pulled the rims together, and there was no development 
of the sheet prior to sheet retreat, i.e. shortening of the sheet length, at the higher pressures. 
Adding glycerine to the water acted to increase the viscosity while reducing the surface 
tension and density. This led to large liquid sheets with very few disturbances present until 
air friction caused wave development at the higher injection pressures. Conversely, 
mercury was used to demonstrate the affect on sheet formation of high surface tension and 
density and low viscosity. The affect of some liquid variables are shown in Figure 3-13 
where (a) is kerosene, (b) ethyl dibromide, (c) mercury, (d) ethyl acetate, (e) water (55°C), 
(f) isobutyl alcohol, and (g) glycerine/water. [t is clear that the difference of liquid 
properties significantly affect the size and shape of the resulting liquid sheet. This 
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investigation however was qualitati ve with no quantitative information relating to mean 
droplet sizes and drop size distribution. Relating the Liquid properties to the resulting drop 
size distribution for a given injection pressure would be useful infonnation. 
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Figure 3-13. Effect of various liquid properties on the sheet break up behaviour [89} 
Knoll and Sojka [98] have assessed the effect of liquid viscosity on the mean drop size. 
The experimental anangement consisted of a variable liquid discharge slot, 0.025- 1.24mm, 
with eo-flowing air streams. Vati.ous glycetine and water mixtures were used to study 
liquid viscosity and a relationship derived relating the fluid property to drop let SM D. It 
was found that the Sauter Mean Diameter is prop01iional to ~t0 ·2 . 
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Further work on liquid properties has been conducted more recently by Stapper et al [99] 
using a two-dimensional liquid sheet with eo-flowing air. In the investigation, three 
different liquids were used; water, ethanol and ethylene glycol, providing fluids of varying 
viscosity, surface tension and density. However, using these fluids does not allow a direct 
conclusion to be drawn, for example, on varying viscosity, due to changes in other physical 
properties at the same time. The study focused on two general break up mechanisms of the 
flat liquid sheet, cellular break up and stretched stream-wise ligament break up, and 
followed with an assessment on the affect of different fluid prope1iies. 
It was found that although the overall break up mechanism was unchanged, the time and 
length scales were significantly affected. An interaction time, or sheet break up time, was 
defined as the break up length, measured to the point at which the film fragments, divided 
by the liquid velocity at the nozzle tip. Ethanol of low density and surface tension had the 
shortest break up time and hence break up length, as shown in Figure 3-1 4, while the 
ethylene glycol , wh ich has a high viscosity and density, showed the longer break up time. 
Other liquid property investigations [1 00, 1 Ol] have included a study looking at the surface 
tension of an expanding liquid sheet and discharge coefficient and break up length of a 
pressure swirl spray. In 1999 Marmottant et al [1 00] used a liquid jet impacting on a 
circular surface to produce a circular liquid sheet. From images taken above, the diameter 
of the sheet was measured, and was found to be a function of jet velocity and surface 
tension at the rim. 
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3.3.2 Film Thickness 
The thickness of the liquid fi lm inside, and as it emerges fi:om the nozzle has a significan t 
effect on the spray characteristics and the resulting droplet size distribution. In 1980, Rizk 
and Lefebvre [l 02] investigated film thickness and its effect on airblast atomisation using a 
simplified fl at liquid sheet. The thickness of the liquid fi lm was measured using a needle 
mounted on the tip of a micrometer spindle which completed an electri cal circuit on 
contact with the liquid, illuminating a lamp. This method is claimed to achieved an 
accuracy of 2.5f..Lm, however, this is dependent on the surface structure of the liquid sheet. 
Surface waves will reduce the accuracy, and so can onl y be used with any accuracy on the 
prefilming surface before the onset of large amplitude waves. The point of contact was 
detetmined visually when using kerosene, which is not electricall y conducti ve. 
The study observed that as the air velocity was increased there was a decrease in fi lm 
thickness due to the increased shear stress at the surface, and as expected, an increase in 
liquid flow rate resulted in a thicker sheet. Setting the fi lm thickn ess to 89pm and 
graduall y increasing the air velocity and liquid flow rate independently, it was noted that 
the Sauter Mean Diameter (SMD) decreased and the maximum SMD was about twice the 
fi lm thickness . Most significantly, the investigation studied the effect of varying the slot 
width on SMD. Reducing the initial liquid fi lm thickness produced a fi ner spray according 
to the derived relationship SMD oc t0·38, shown in Figure 3-1 0. A further expression was 
developed for the liquid fi lm thickness in terms of physical properties and flow parameters: 
( ]
0.8 
~= 1 32(ReLf0.4 m,_ 
d, m 11 
(15) 
Where, t5 is liquid fi lm thickness, d11 is annulus height, ReL is Reynolds number of the 
liquid, and m is mass flow rate. It can be deduced that thick liquid fi lms are produced 
when liquid viscosi ty and liquid flow rate are high, and for high air velocity and density, 
the production of th inner films lead to improved atomisation. This expression is however, 
only valid when a eo-flowing air stream is present; i.e. air blast atomisation. 
Driscoll et al [103] used an alternati ve technique, laser induced fluorescence, to study the 
film thickness on the prefilming surface of an airblast atomiser. The technique involved 
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mixing a fluorescent dye with the injected fluid and directing a laser beam into the liquid. 
The laser beam excites the dye atoms, which then emit light at a longer wavelength. The 
emitted light is then collected by a receiving optics. The length of the illuminated column, 
i.e. the thickness ofthe liquid film, shown in Figure 3- 15, is directly related to the intensity 
of the fluorescent light as long as the beam absorption is small. 
This technique is more complex than the conductive needle method used previously, 
however the results are far more accurate and repeatable. Geomehica l conections were 
required to account for the refraction of the light as it passes through the liqu id surface. 
The system also required calibration, which was unde1taken using a dynamic calibration 
nozzle producing a known constant I iqujd film thickness. This particular study 
investigated the use of this technique as a practical fi lm thickness measurement tool. 
Using this technique the maximum deviation was I O~tm , showing good repeatability. 
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Figure 3-15. Liquid film thickness measurement using laser induced fluorescence [ 103 J 
Kawahara et al [ 104] adopted an imaging technique to allow measurement of the liquid 
sheet length and thickness in the near nozzle region of a pressure swirl injector. Using a 
laser light sheet and a high speed camera with a long distance microscope it was possible 
to measure the sheet length and thickness, 0.76mm and 0.07mm at 50 bar respectively. 
However, there is no indication of the accuracy of such a method. 
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3.3.3 Mechanisms of Liquid Sheet Break up 
Although many studies have focused on all aspects of liquid atomisation it is evident that 
the mechanism of liquid sheet break up is of considerable interest and importance, due to 
it' s dominance over spray quality. Arthur Lefebvre [72] di scussed the break up 
mechanisms and indicates that there are three main types of sheet disintegration known as 
rim, wave and perforated sheet disintegration. 
Under rim disintegration the surface tension of the liquid causes a contraction of the free 
edge to f01m a thick rim, which subsequent ly breaks up under a similar mechanism, to that 
of a free jet. The drops remain attached to the sheet by thin liquid threads which in turn 
break up to form rows of drops. In general, thi s type of sheet disintegration occurs when 
the viscosity and surface tension are both high and leads to the fonnation of large drops 
surrounded by smaller satellite droplets. 
Wave disintegration, occurs when there is interaction between two fluids, such as air 
movement relative to the liquid sheet. The presence of air induces instabilities, which 
grow until the disturbance reaches a maximum amplitude. The sheet can break up at half 
or full wave length intervals, which either contract, due to the surface tension or 
disintegrate further, due the air motion to form ligaments and droplets. Wave 
disintegration is regarded as highly itTegular, and can result in areas of the liquid sheet 
being torn away ptior to break up at the leading edge of the sheet. This type of 
disintegration tends to occur with low-viscosity liquids. 
The final type of disintegration, perforated sheet disintegration, is initiated when holes 
surrounded by a liquid rim appear in a high-viscosity liquid sheet. As the holes grow 
bigger and two holes meet, the rims join to fom1 itTegular ligaments that eventually break 
and f01m a wide di str·ibution of droplet s izes. 
Spielbauer and Aidun [1 05, 106, 1 07] and Pandit and Davidson [1 08] have expeti mentally 
investigated the development of liquid sheet perforations. Spielbauer used a splash plate 
nozzle, i.e. a jet impinging on a flat plate, to form a circular liquid sheet which inherently 
develops perforations due to sheet stretching. Imaging was used to locate the position of 
perforations allowing calculation of sheet thickness in the break up region. For the 
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undisturbed liquid sheet the thickness at break up was estimated to be I 00-1301Jm. Tt is 
claimed that the presence of sinuous and dilation waves significantly reduces the thickness, 
indicating wave thinning induced sheet rupture. The presence of unwettable particles and 
air bubbles have also been identified as possible causes of perforation onset, and it is 
claimed that air bubbles are the dominant mechanism. This, however is likely to be 
specific for the splash plate nozzle. 
The three modes, rim, wave and perforated sheet disintegration greatl y effect the size of 
the drops produced, and their di stribution within the spray. It is common for all three 
break up modes to occur simultaneous ly, with their relative dominance dictated by the 
fluid properties and geometry of the liquid sheet. The different modes are evident in many 
spray imaging studies such as those conducted by Dombrowski [89] and Stapper [99]. 
Huang [ I 09] used the method of impingement of two co-axial j ets to examine the break up 
mechanism of axisymmehic sheets. The study identified three break up regimes as the 
sheet velocity was increased. The Weber number was used to represent the non-
dimensional velocity, showing that the liquid sheet was stable for Weber numbers in the 
range 100 to 500. Subsequently, there was a transition regime from We = 500 to 2000. 
During transition, cusps develop on the edge initially, and then diminished over the regime, 
with large-amplitude anti symmetric wave fronts fom1ing. Finally, for We = 2000 to 3xl04, 
the liquid sheet became unstable with large scale antisymmetric waves which progressively 
increased, causing liquid sheet break up. The study also introduced the phenomenon of 
sheet stretching as the liquid propagated out from the centre. Sheet stretching does not 
generally occur with parallel fl at sheets, however conical and fan sheets do possess this 
phenomenon due to the increasing diameter and width respectively with constant flow rate. 
Stapper [99] and Lozano [ 11 0] have highlighted two mechanisms of sheet break up, shown 
in Figure 3-1 6. The first mechanism, known as cellular break up occurTed at hjgh relative 
air/liquid velocities with break up occurring some way downstream from the nozzle. T he 
mechanism could be recognised by the presence of equal span-wise and stream-wise 
vortical waves. As the sheet was stretched, cell-like structures fa nned until a point was 
reached where the membrane between the waves, and stream-wise waves break, leaving 
the span-wise wave to form a hotizontal filament. The smallest droplets in the resulting 
spray otiginate from the membranes, while the ligaments form larger droplets. 
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Figure 3-16. (a) Cellular and (b) stretched stream-wise ligament break up [99] 
The second break up mechanism shown in Figure 3-1 6 is referred to as stretched stream-
wise ligament break up, and only occurs at low liquid velocities. Stream-wise vortical 
waves separated by thin membranes dominate thi s mechanism. The membranes stretch 
sinusoidally out of the liquid plane and subsequently burst fanning small droplets, whi le 
the vortical waves form vertical ligaments and break down to form larger drops. 
Primary Instability Secondary Break-up 
Secondaty Instability 
Interfacial Instabilities Global Instab ility 
Figure 3-17. Flat liquid sheet disintegration [ ill} 
Carentz et al [111) used a back lighting technique and a video camera to investigate the 
break up mechanism of a flat liquid sheet 300~tm thick and 18mm wide. Three regions 
were identified, primary instability, secondary instabi lity and secondary break up shown in 
Figure 3-17. The study focused on three instabilities, primary interfacial instability, 
secondary interfacial instability and a global instability of the sheet, however, the findings 
are generally inconclusive and it was establi shed that further work was required. 
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Dombrowski and Fraser's study [89] also investigated the factors influencing liqu id sheet 
stability, defining it as the resistance to disi ntegration. Generally, a stable sheet remains 
intact fo r longer so the disintegration region is fur1her away from the nozzle orifice. Any 
un-equalised forces or disturbances in the sheet instigate sheet instabi lity, which invariably 
leads to earlier di sintegration. Dombrowski recognised that high flow rates lead to 
turbulent conditions within the orifice and the high velocities significantly increased ai r 
resistance aiding the disintegration process. Point disturbances on the sheet itself caused 
holes to appear which are evident in Figures 3-12 and 3-1 3. An attempt was made to 
quantify the origin of these po int disturbances using the di sturbance ripple diameter, 
minimum ripple wavelength, and sheet velocity and thickness. This subsequently showed 
that the di sturbance origin was typically in the orifice, probably caused by the turbulence 
or surface imperfections and varying surface roughness [ 1 12]. 
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Figure 3-18. Disintegration a_( dilute emuLsions [1 13} 
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More recently, studies have been conducted with dilute emulsions in relation to crop 
spraying which contain oil-soluble ingredients. In J 999 Butler Ell is et al [ 113] showed 
that the mechanism of sheet break up changes with the presence of emulsion particles. The 
investigation studied seven different liquids as they were fonned into a flat fan sheet. The 
surfactants, which were added to the liquids acted to reduce the surface tension and hence 
smaller droplets were fonned on injection. The study was not able to identify the exact 
mechanism by which perforations were caused by the emulsion particles. It was thought 
however, that particles of low wettability caused the perforations in the liquid sheet to 
develop; a theory also studied by Spielbauer and Aidun [ 1 06]. The particles interacted 
with local disturbances and allowed sufficient growth to develop a hole in the sheet. The 
varying break up mechanism is shown in Figure 3-1 8 indicating changes which were 
dependent on the type of surfactant used. 
3.3.4 Surface Waves 
It is clear from the previously discussed break up mechanisms that the fom1ation and 
behaviour of waves on the surface of the liquid sheet play an important role in the 
disintegration of the sheet into ligaments and droplets. 
In 1955, Hagerty and Shea [90] investigated the stability of plane fluid sheets. Their 
research focused on the growth rate of waves, and developed expressions in terms of 
surface tension, freq uency, sheet thickness, and velocity. In the study it was identified that 
there can be sinuous waves, both surfaces in phase, and dilation waves, surfaces out of 
phase, present at any one frequency, Figure 3-1 9. 
The wave growth rate equations, Figure 3-1 9, indicate that sinuous waves always have a 
larger growth rate than that of dilation waves, and hence the images only showed the more 
dominant sinuous waves. There was evidence of dilation waves at the nozzle, however, 
due to the faster sinuous wave growth rate, the presence of any dilation waves was soon 
obscured. In the two equations, n is the wave number of the disturbing wave, V is the 
mean velocity of the liquid sheet, y is density ratio, a is surface tension, Pw is density of the 
fluid and a is the half-width the of liquid sheet. It was found that the lowest stable 
frequency was dependent on the thickness of the sheet and the liquid density, and 
frequency was represented by the equation, f = V I A.. 
Page 66 
Chapter 3. Flow Phenomena 
3 
2 v 2 n (J' 
n y- -
Pw Sinuous Growth rate, f3s = 
tanh na 
Dilation Growth rate, f3 0 = 
coth na 
Sinuo us Wave Dilation Wave 
Figure 3-19. Sinuous and Dilation Waves will! corresp onding growth rate equati011s 
The work of Hagerty and Shea was fo llowed up by Crapper et al [11 4, 115, 11 6] who 
focused on the aerodynamic, or Kelvin-Helmholtz, wave growth on a liquid sheet. The 
nozzle was vibrated nonnal to the sheet plane to initiate sinuous waves of controll ed 
fi·equency and amplitude. The wave growth was found to depend on the sheet velocity and 
di stance from the nozzle. There is however, no indication of sheet velocities or lengths. In 
the first instance, at high velocity the wave growth is steady until break up occurs, Figure 
3-20a. However for lower velocities, the wave growth rate is in itiall y high, d iminishing to 
a maximum amplitude and finally disintegration occurs futther downstream, Figure 3-20b. 
Fig ure 3-20. Wave growth on (a) high velocity and (b) Low velocity Liquid sheet [114] 
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It was recognised that the likely cause of this wave phenomenon was the air flow pattern 
around the liquid sheet. Smoke streamlines were introduced to the adjacent air flow wh ich 
indicated the presence of a vmiex upstream of each wave crest. The vort ex increased 
rapidly in size at a constant distance from the nozzle. At high velocities, i.e. when the 
growth rate is high, vortex growth was minimal. 
In addition to the large scale wave motion of liquid sheets, fine interfacial wave patterns 
have been observed by Hashimoto and S uzuki [ 11 7] which significantly effect the break up 
process of the liquid sheet. These waves are best investigated in a stationary atmosphere as 
they are small and can be obscured by .la rger waves and disturbances caused by the 
presence of an air flow next to the sheet. A series of liquid sheet images taken at varying 
liquid velocities, or non-dimensionally, varying Reynolds number are shown in Figure 3-
21. S is defined as the dimensionless surface tension (reciprocal of the Weber number), x 
is the downstream distance, and bo is the half thickness of the liquid sheet, 0.21mm. 
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Figure 3-21. lnteJfacial waves on a Liquid sheet in a stationary atmosphere [117} 
The wave patterns on the liquid sheets have been classified into five representative 
patterns. The first image (a) represents a very low flow in which there was no disturbance 
causing a wave motion. As the Reynolds number was increased fine two-dimensional 
waves of constant wavelength appeared on the surface of the sheet (b). T hese waves are 
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very small in amplitude in comparison to the liquid sheet thickness, and can therefore only 
be viewed using reflected light. A further increase in Re lead to larger two-dimensional 
waves (c), which could be observed by transmitted light. Image (d) shows how the waves 
developed into a ' pebble wave flow ' as Re was increased, which progressively became 
smaller to fonn a 'sandpaperlike wave flow' (e). It was found that surface tension of the 
liquid had little effect on the initiation of these waves, however, the surface tension does 
suppress the transition of interfacial waves. 
Heukelbach et al [ 11 8) used a 650pm liquid sheet to investigate the effect of liquid 
turbulence on the stability. The nozzle was designed with perpendicular jets upstream of 
the orifice which could be used to introduce varying levels of turbu lence. It was found that 
the addition of turbulence roughened the sheet surface and reduced the capillary wave 
growth, therefore stabilizing the liquid sheet. 
A large proportion of experimental studies into liquid sheet break up have investigated fl at 
liquid sheets due to the relati ve simplicity of analysis, however in practise, annular liquid 
sheets are more applicable to pressure swirl fuel injection. Annular liquid sheets are 
typically observed with simple pressure and pressure-swirl injectors, but the study of these 
sheets is more challenging due to the complex three dimensional nature of the spray. A 
study by Hashimoto et al [119, 120] investigated the wave motion and break up of an 
annular liquid sheet. An annular liquid sheet of 60mm diameter and thickness of 0.2mm, 
surrounded by an inner and outer air flow which could be varied independently was used to 
inject water in the velocity range 1.0 to 5.0m/s, with varying air flows up to 35m/s. 
Examples of the annular liquid sheet with varying air flow are shown in Figure 3-22. It 
can be seen that for larger inner air velocities (a) the sheet is randomly broken up, whereas, 
at low inner air velocities and high outer velocities (b) the sheet breaks down into 
ligaments and then droplets. 1t was apparent from sequential photographs that the wave 
frequency and break up length of the sheet are both dependent on the velocity of the air 
stream. 
In their conclusions, it was mentioned that the wave characteristics of an annular sheet are 
approximately similar to those of a plane liquid sheet and that atomisation relates closely to 
the Kelvin-Helmholtz instab ility theory. It should not be assumed, however, that the two 
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types of liquid sheet, flat and annular, exhibit the same wave characteristics. Berthoumieu 
et a! [ l2 l] have undertaken an experimental comparison between planar and annular liquid 
sheet geometri es. For the purpose of the investigation water was injected at velocities up 
to 4m/s using three different test injectors. The first injector produced a fl at liquid sheet of 
varying thjckness, 200pm to 500pm, and a width of 18mm. The other two produced 
annular liquid sheets, fi rstl y of variable thickness, 200pm to 400pm, and 7mm radius, and 
the second design had a radius of 5mm and a fixed thickness of 300~tm. The sheets were 
subjected to an air flow of up to I OOm/s, which is representati ve of the airblast atomiser 
commonly used in gas turbine engines. It was shown that although both planar and annu lar 
liquid sheets exhibited similar behaviour in their break up mechanisms, their characteristic 
wave frequencies differed. 
Figure 3-22. Annular liquid sheets [1 19) 
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The wave frequency on the surface of a liquid sheet is highly influential in the sheet break 
up process. Continuing with the experimental comparisons between the two types of sheet 
[1 2 1 ], a frequency analysis was also conducted. Two methods were used to measure the 
frequency of the oscillations, the first used a photodiode together with a signal analyser to 
measure the instantaneous light attenuation and provide a frequency spectrum of the liquid 
sheet. The second method was used when the oscillations were very small. Images were 
taken at a high rate, 4000 images per second, and the position of the sheet oscillation 
envelope detennined to allow the oscillation frequency to be visual ised. Ramamurthi and 
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Tharakan [122] used a similar method by synchronizing a strobe fl ash with the maximum 
wave growth to detennine the frequency. 
Comparing planar and annular liquid sheets, it was found that for both cases the frequency 
of oscillation increased with increasing air velocity , however, the growth rate was slower 
for annular liquid sheets. This may indicate that an annular liquid sheet is more stable than 
a planar sheet. However, this conclusion contradicts previous findings, that the radius of 
curvature of a conical sheet has a destabili sing effect. York et al [92] state that cylindrical 
instabilities, such as swirl , effect the break up process of the liquid sheet and therefore 
certain approximations should be made to predict drop sizes from the flat sheet analysis. 
Clearly, there are conflicting views and further stability analysis is required to allow 
successful conelations between conical and flat liquid sheets. 
Tests were also conducted with varying sheet thickness [ 12 1 ], which showed in both cases, 
that thicker sheets have a lower osci ll ation frequency due to the higher liquid momentum. 
Variation of annular radius effected the oscillation frequency, with smaller radii producing 
lower osci11ation frequencies. The authors commented that experiiTtents using larger radii 
were required with a view that planar liquid sheets behave like annular sheets with a large 
radius. 
Lozano et a! [110, 123 , 124] aimed to improve the fundamenta l understanding of break up 
mechanisms using flow visualisation, frequency analysis and LOA. Using a water sheet 
thickness of 0.95mm and a span of 80mm, the water and air velocities were varied from 
0.2 to 2.45m/s and 8 to 65m/s respectively. The data were presented against the sheet 
oscillation frequency as shown in Figure 3-23, which were measured using the same 
technique as Berthoumieu et al [121]. Three different zones, a, b, and c were highlighted 
as denoted by Mansour and Chigier [ .125], indicating different modes of liquid sheet break 
up. At low water velocities (>O.Sm/s), zone a, streamwise ligaments developed at the 
nozzle exit. With an increase of water injection velocity, coupled w ith high air velocities, 
zone b, there was a longitudinal sinusoidal mode of oscillation and the break up mode 
exhibited streamwise ligaments. As the air velocity was initially decreased, zone c, 
dilational waves appeared in addition to the longitudinal waves. The break up mode then 
became cel1ular as the air velocity was decreased further. 
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Figure 3-23. Sheet oscillation frequency as afunction of liquid mass .flow rate [ 110] 
The same work was carri ed out by Carvalho et al [ 126] in I 998, which confirmed the 
fi ndings of Mansour and Chigier [I 25] and also investigated the effect of spray angle. The 
break up fi·equency and spray angle at different liquid sheet velocities is shown in F igure 
3-24. The data show improved atomisation quality in region A, w here the liquid sheet 
velocity was low, and a max imum spray angle was obtained in region B. The spray ang le 
then decreased until transition occuned, characterised by a spray angle oscil lation, and 
additionally very poor atomisati on was experienced accompanied by a very small spray 
angle. It was suggested that dis integration was mainly dependent on the transfer of energy 
at the air/liquid interface. 
Finally, a novel approach was adopted by Takahashi and Schmoll [ I 27] for the study of 
oscill ation frequency; a piezoelectric crystal dri ver was used in the injector configuration 
to generate high amplitude velocity perturbations on the surface of the liquid sheet. The 
investigation has shown that a hollow cone w ill ' roll-up ' , i.e. the sheet length decreases, in 
the frequency range 4-52kHz and prevents the growth of Kelvin-Helmholtz instabilities. 
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Figure 3-24. Break up frequency and spray angle at different liquid velocities [1 26} 
3.3.6 Aerodynamic Effects 
The previously described surface wave motion and oscillation frequency of a liquid sheet 
are significantly effected by the air/liquid interaction downstream of the nozzl.e orifice. 
Many studies [87, 128, 129, 130, 131] have included the aerodynamic effects coupled with 
other phenomena in an attempt to provide a complete analysis of the liquid sheet. 
The aerodynamic effects were investigated as far back as 1963, when Dombrowski and 
Johns [1 28] analysed the instability and disintegration of viscous sheets produced by fan-
spray nozzles. The work mainly consisted of a theoretical analysis, to identify the forces 
responsible for the liquid sheet motion, namely, pressure force, surface tension force, 
ine1tial force and viscous force. 
More recently, Wittig et al [129] studied the shear stress of turbulent air flow on liquid 
fi lms. Thin liquid films are commonly found on prefilming airblast atomisers in gas 
turbines, which spread the liquid into a thin film on the prefilmer surface, prior to 
atomisation. The effect of air temperature, air velocities, and liquid flow rates were varied 
for this particular investigation. At high temperatures encountered in the combustion 
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chamber of a gas turbine engine there is heat and mass transfer at the liquid/gas interface 
inside the nozzle. It was fo und that the liquid film was almost Jaminar as long as the liquid 
flow rate was within the stabil ity range, which is not specified, and that the turbulence in 
the air did not signifi cantly induce turbulence into the liquid fi lm. 
Mansour and Chigier [87] have conducted research investigating a two-dimensional twin 
flui d atomiser. The liquid sheet, with a n aspect ratio of 120: l , had a high speed air sheet 
either side to destabilise the liquid. The arrangement of the nozzle allowed imaging of the 
interface region between the air and the liquid . Altho ugh this configuration allowed 
independent variation of liquid and ai r sheet thickness, for this investigation the sheet 
th ickness was set at 1.45mm for the a ir and 0.254mm fo r the liquid. Their flow rate 
analysis showed that the discharge coefficient lay in the range 0.728 - 0.867 for the liquid 
and 0.90 1 -0.946 for the air flow. 
A 4 x Sin. large fo1mat camera with a 4ft bellows ex tens ion was used to provide nearly 
three times li fe size views near the nozzle ex it to show the liquid sheet break up process. 
In conjunction with the camera, a high speed, high intensity EG&G 549 microfl ash light 
source with a 0.5msec pulse duration was used to provide backlighting to freeze the 
movi ng drop lets. In addition to the imaging technique used, size and velocity 
measurements were taken of the spray using a Phase Doppler Anemometer (PDA) system. 
They showed that the air flow was responsible for the fotm ation of large, ordered, and 
small chaotic cell structures, and that two modes of break up exist, a mechanical mode and 
an aerodynamic mode. The effect of air shear largely describes the aerodynamic mode and 
as expected increases with increasing gas velocity. Droplet velocities of up to 45m/s were 
measured, while Sauter Mean Diameters in the range 40 - 10011m were recorded. 
Variations in gas velocity have a significant effect on the disintegration of the liquid sheet. 
Annular liquid sheets have been investigated by Ramamurthi and Tharakan [ 122, 132] and 
Jeandel and Ledoux [133] focusing on the effects of am bient pressure and the sutTounding 
gas flows. When injecting liquid into an environment of lower pressure, i.e. a vacuum 
chamber, the initial divergence angle and the length of the liquid sheet increased, wh ilst the 
surface of the sheet was smoother. It is clear that the reduced shear at the gas/ liquid 
interface delays the break up mechanism , increasing the length of the intact liquid sheet. 
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Introducing a gas flow over the outer surface of the liquid sheet increased the shear force at 
the interface and hence led to more rapid di sintegration. The outer flow reduced the 
pressure on the outside of the annular sheet resulting in a net positive overpressure on the 
inside surface, destabilising the sheet. When a gas flow was used in the core, the low 
pressure switched to the inside and was not as effective at destabil ising the liquid sheet. 
Using an internal air flow, Jeandel and Ledoux [1 33, 134] vari ed the velocity of the gas 
and the liquid and identified three modes of break up which were directly related to the 
gas/liquid interaction. The three modes were bubble mode, burst mode and pulsed blast 
mode, as shown in Figure 3-25. It should be noted however, that neither the liquid nor the 
air fl ow was swirled in this case and hence the disintegration characteristics differ slightly 
to those observed by Ramamurthi [1 32], due to the absence of tangential forces on the 
liquid. While using a non-swirling external air flow, the flow effectively behaved like a 
liquid jet and did not fonn a cone. The swirling motion of a liquid flow helps to provide a 
larger spray cone angle and observations by Ramamm1hi [135] indicate that non-swirled 
liquid annular sheets are unstable. 
(a) 
----
(b) 
(c) 
U - ~ n'/s : l •co"" S!\ mls l\- ~ "" ' : U,- 5~ ""' 
Figure 3-25. Breakup: (a) bubble mode, (b) burst mode and (c) pulse blast mode [1 33} 
The stretching of a conical liquid sheet is a phenomenon that has an important role in the 
disintegration process of pressure swirl sprays. If the gas flow is greater than the liquid 
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flow, which, in most airblast cases it is, then sheet stretching will occur. In addition to thi s, 
instabilities in both the air flow and liquid flow cause sheet defonnat ion, which in turn 
leads to sheet thinning. 
---
---
---
Figure 3-26. Jet mode break up [136} 
At thi s point, Yule et al [136, 137] introduced the concept of ' acti ve' and 'passive' sheet 
instability. Acti ve instabilities result from wind driven surface waves, and generally occur 
near the nozzle, where the di fferential velocity between the liquid and the gas is greatest. 
It has been suggested that these active instabilities, or Kelvin-Helmholtz waves, whose 
wavelength is generally the same order as the sheet thickness, may not be as important as 
the passive instabilities. The passive instability is the movement of the sheet due to 
instab ilities and eddies in the gas fl ow. The ' conventional ' mode documented in many 
studies is shown in Figure 3-26, where eddies in a plane jet lead to a break up length 
greater than the core length. 
• 
o. 
Large Eddies 
Helmboltz 
Wake Mode 
Mixing Layer Mode 
Figure 3-27. Wake mode and mixing layer mode [136] 
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The passive instabilities have been classed as wake and mixing layer modes, as shown in 
Figure 3-27. The wake mode causes the sheet to deform, such that the break up length is 
less than the potential core length. This has not been studied in any of the previous 
literature and the conditions for which this would occur are unclear. The mixing layer 
mode was the focus of the investigation, as it is representative of a large number of 
applications, with the liquid sheet subjected to a gas flow on one side only. 
To avoid problems of edge effects, a sheet of 200mm width was used fo r the investigation 
with only the central 60mm considered in the analysis. Unlike many of the previously 
discussed studies, the liquid sheet was produced using a nozzle to spray water onto a flat 
vertical surface similar to that encountered with a prefilming type atomiser. This method 
however, is likely to cause fl ow instabilities even before the air has infl uenced the structure 
and hence may not be comparable to other flat sheet investigations. All test cases showed 
a similar break up process, shown in Figure 3-28. Initially, a wave on the sheet entrains 
ambient air into the mixing layer and distoriion of the wave peak occurs (2). This 
distortion continues until it breaks leading to the formation of ligaments and droplets (3) 
which enter the high velocity region and undergo seconda1y atomisation. 1n the lower 
veloci ty region, the rest of the liquid sheet breaks up as perforations and ligaments 
develop, with fi nal disintegration occurring as the vortex sweeps the sheet round the 
trailing edge (4). 
2(a) 
S\VEEP 
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Figure 3-28. Typical mixing layer mode break up [136] 
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The aerodynamic effects on liquid sheet disintegration is clearly a topic which requires 
fmiher investigation , due to the complexity of the mechanisms involved, and the lack of 
understanding at the present time. 
3.4 Summary of Literature 
The review of literature in the field of liquid break up and atomisati on has aimed to show 
current understanding amongst researchers of the physical processes invo lved and the 
advances to date. Liquid d isintegration is greatly influenced by the in-nozzle flow prior to 
injection and has been summari sed in the fi rst pa1i of the review. In many cases the 
injection process consists of the fonnation of a liquid j et from a nozzle o rifi ce followed by 
disintegration into droplets further downstream. This study will focus on gaso li ne direct 
injection, which, in general uses pressure-swirl devices to fonn liquid sheets pr ior to break 
up into droplets. Due to the quantity of literature available on the subject of liquid 
atomisati on, the review has predominately focussed on the behaviour of liq uid sheets. 
Lt is evident that the break up process of a liquid sheet is dictated by many different 
parameters which have been the focus of investigation for researchers in the field of liquid 
atomisation. Much of the work relates to steady state liquid flows coupled with eo-flowing 
air streams to simulate conditions encountered w ith airblast atomisers similar to those 
found in gas turbine engines. It is apparent from the li terature that the study of planar 
liquid sheets is of great importance and js fi·equently used due to the relative simpli city of 
data acqui sition and analysis. Examples of liquid sheet studi es are summari sed in Table 3-
1, to provide an overview of typical nozzle sizes and flow conditions used . 
Based on these previous investigations it was possible to devise a suitable liquid sheet fo r 
the present study of transient hollow con e pressure swirl sprays. As most GDI injectors do 
not operate with eo-flowing air to aid the atomisation process, only liquid injection was 
adopted. Two major d ifferences, w hich in part, make this work unique, were firstly the use 
of gasoline instead of water to avoid propetty variations; and secondly and most 
impotiantly, the development of a transient liquid sheet. Due to the transient nature of the 
GDI fuel spray it was important to simulate this to observe the temporal development of 
the liquid sheet. Much of the previous work on steady state fl at liquid sheets may not be 
applicable to a transient sheet. This study aims to investigate such a phenomena. 
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Authors/Date Focus of Study Fluid Nozzle Dimensions Experimental 
Conditions 
Rizk & Lefebvre Influence o f initial t:ilm Water Liquid 90 - 380pm Liquid 4.5 - 22.7g/s 
1980 thickness on mean drop Kerosine Air 5. 1 & 11 .4mm Air 55 - 125 m/s 
size and distribution 
Mansour & Aerodynamic instability Water Liquid 0.254mm Liquid 0.8 12-
Chi gier Air t .45mm 16.234m/s 
199 1 Span 30.6mm Air 17.73- 11 9.62m/s 
Knoll & Sojka Effect of liqu id viscosity Water & Liquid 0.025-1 .24mm Relative velocity I 00-
1992 on mean drop size Glycerine Air 0.5-7.0 I mm 250m/s 
Stapper et a l Effect of liquid Water Liquid S0811m Liquid 1.0 or 5.0m/s 
1992 properties Ethanol Span 4 .7mm Air 0 - 60 m/s 
Ethylene 
-Glycol 
Hashimoto et al Wave motion of an Water Liqu id 0.2mm Liquid 1.0 - 5.0 m/s 
1994 annular liquid shee t Nozzle diameter Inner/Outer a ir 0-
60mm 35 m/s 
Lozano e t al Flow visualisation, Water Liquid 0.95mm Liquid 0.2 - 2.45m/s 
1996 Frequency analysis & Span 80mm Air 8 - 65m/s 
LDV to assess 
atomisation 
Carvalho et a t Frequency analysis of Water Liquid 0.7mm Liquid 0.55 - 6m/s 
1998 disintegration process Air 7mm Air up to 40m/s 
Span 80mm 
Yule et a l Variation o f shee t Water Liquid 0.48 - l . l mm Liquid 1.53 - 3.9m/s 
1999 thickness and viscosity Water- A ir 1.25 - 2.5mm Air I 0, 15, 20m/s 
Glycerol Span 200mm 
Lozano et a l Oscillation frequency Water Liquid 0.35mm Liquid 0.6 - 6m/s 
1999 measurements A ir 3.45mm Air 15 - 75m/s 
Span 80mm 
Berthoumieu e t al Sheet osc illation Water Liqu id 200 -500pm Liquid 0.5 - 4m/s 
2000 frequency and Span 18mm Air 30 - I OOm/s 
comparison be tween Nozzle I 200-40011111 
planar and annular sheets Nozzle 2 J 0011m 
Heukelbach & Turbulence influences on Water Liquid 0 .52 - Liquid Re I 000- 1 5000 
Tropea, 200 I the stability of liquid 0.65mm 
films Span 22mm 
Table 3-l. Examples of liquid sheet studies and their experimental conditions 
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4.2 Mitsubishi GDI Pressure-Swirl Injector 84 
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4.3.2 Image Optimisation 87 
4.4 Rotary Valve 92 
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4.5.1 I mm Liquid Sheet 94 
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4.0 Test Facility and Experimental Procedures 
Prior to commencement of this fundamental spray study an improved fuel injection rig was 
developed to provide a reliable platform for gathering consistent results. The previous rig 
was based around a hydraulic system, capable of pressurising fuel up to 50 bar. The major 
benefit of such a system was its ability to provide a constant non-fluctuating fuel line 
pressure. However, a significant drawback to the hydraulic ram arrangement was the 
priming requirement during the course of testing to ensure the li ne pressure did not drop 
whilst acquiring data. The test injector was positioned above a plenum coupled with an 
extraction fan to capture the liquid fuel and exhaust the fuel vapour. A three dimensional 
traverse system with an accuracy of 0.01 mm allowed highly accurate and consistent 
injector positioning, essential for near nozzle LDA/PDA measurements. 
4.1 High Pressure Fuel Injection Rig 
A self-contained high pressure fuel injection rig, Figures 4-1 and 4-2, was developed 
specifically for the study of both pressure-swirl GDI sprays and fl at liquid sheets. The 
design was based around a high pressure Bosch GDI pump with the capability of fuel line 
pressures of up to 120 bar. The rig was split into two main sections; the system area 
contained the electrical and mechanical equipment for fuel pressurisation, and the working 
section provided space to traverse the injector and conduct spray imaging and velocity and 
drop size measurements. The framework, mounted on lockable wheels to allow ease of 
movement, was constructed of 40 x 40mm square section steel with a sheet thickness of 
4mm. 
The GDI fuel pump, designed to be driven on the end of the engine camshaft, was provided 
with a direct drive by a variable speed Marelli Motori, 2 pole, 2.2kW induction motor. A 
FIDlOOO single to 3-phase inverter drive was incorporated into the system to provide 
motor speed control from 500 up to 3,000 rpm. In practice it was found that the fuel 
pressure was independent of pump rotation speed. An adjustab le and stable pressure was 
attained using a pressure relief valve with interchangeable springs to provide an accurate 
fuel line pressure range between 3-65 bar. The work has focused on a fuel pressure range 
of 10-50 bar specifically to investigate the Mitsubishi GDI pressure swirl injector, which 
typically operates at a fuel line pressure of 50 bar. These tests were conducted under 
Page 8 1 
Chapter 4. Test Faci li ty and Experimental Procedures 
atmospheric conditions although back pressures of up to 3 bar should have little affect on 
the sheet development in the near nozzle region [80]. 
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Figure 4-1 . Schematic of high pressure fuel injection rig 
2.2kW M010r 
Due to the close proximity of both electtical components and fuel it was important that 
measures were taken to keep the two separate. The schematic, Figure 4-1 , shows the 
general arrangement of the equipment with fuel lines represented in blue and electrical 
wires represented in red. The system area was partitioned into three separate areas. At one 
end, the low pressure fuel system consisted of a 3 litre fuel reservoir, a standard 
automotive I 2V positive-displacement fuel pump, and 8-1 Of.lm filter. The low pressure 
relief valve, set to 3 bar, was situated downstream oftbe filter to relieve fuel directly back 
to the tanlc This system was capable of pressurising the fuel to 6 bar, its primary purpose 
to act as a scavenge pump supplying fuel to the high pressure pump, however a secondary 
role allows for the testing of conventional port injectors. 
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The high pressure Bosch pump, s ituated in the central secti on together with the induction 
motor was supplied with low pressure fuel, 3 bar, and pressurised to the specified injection 
pressure. A relief valve positioned downstream of the high pressure pump allowed 
pressure adjustment, again relieving excess fuel back to the reservoir. Finally, the end 
section supported the electJ.ical system, housed in a purpose built electrical cabinet. The 
main 240 volt power supply enters the cabinet and provides power to the inve11er drive for 
the motor, the 12V power supply for the low pressure pump and the control panel 
positi oned on the framework. 
The custom built control panel , a llowed the ri g to operate in a safe and controlled manner. 
The low pressure system was controlled independently of the high pressure system adding 
to the rig's versatility. T wo pressure gauges a llowed both the low and high pressure 
systems to be monitored separately, enabling consistent supply pressure settings using the 
high pressure relief valve. A motor speed control and LCD readout was incorporated into 
the control panel , providing some elem ent of pressure control although the re lief valve 
adjustment was found to be suffi cient. Two other LCD 's were mounted on the panel and 
linked to a thetmocouple and pressure transducer, to provide information on fuel 
temperature prior to injection and fuel line pressure fluctuati ons, respectively. 
Figure 4-2. High pressure fuel injection rig 
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The steel working platfonn, 600mm square and Smm thickness, had a central air extraction 
funnel of JOOmm diameter. Aerospace polyurethane safety foam was used to pack the 
extraction funnel and ducting, designed to absorb atomised fuel droplets and act as a fire 
screen whil st air is drawn through the foam to expel vapours. Any fuel residue remaining 
in the ducting was drained at the bottom via a tap. The platfonn surrounding the air 
extraction funne l allowed ample space to position imaging equ ipment such as the CCD 
camera and the strobe lamp. 
4.2 Mitsubishi GDI Pressure-Swirl Injector 
The Mitsubishi GDI pressure-swirl injector was used to allow the assessment of a typical 
GDl spray. As di scussed in chapter 1, the Mitsubishi GDI engine was the first mass 
produced direct injection engine and therefore fuel injectors, are read ily available. 
The fuel injector nozzle configuration, shown in Figure 4-3 , consists of a so lenoid 
activated needle valve of 1.9mm diameter and a swirl chamber fed by 6 tangen ti al inlet 
potts of 0.6 1 x 0.24mm cross-section. A 5 vo lt signal suppl ied to the injector driver, 
activates the solenoid, lifting the needle and allowing fuel to flow through the 0.9mm 
diameter orifi ce. A fuel line operating pressure of 50 bar and a fuel injecti on duration 
range of 0.4 - 4.5ms provides the correct ai r/fuel mixture at all engine operating 
conditions. Nozzle dimensions and calculated discharge coefficient have been shown and 
di scussed in chapter 3. 
Figure 4-3. Mitsubishi GDJ pressure-swirl injector nozzle 
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The pressure-swirl injector produces a transient spray consisting of several phases. For a 
0.85ms injection duration, the following phases are present; (a) pre-swirl spray, 0.5ms, (b) 
spray cone struts to develop, 0.58ms, (c) spray cone relaxes, 0.70ms, (d) maximum 
velocity in spray cone, 0.98ms, (e) spray cone starts to collapse, 1.40ms, and (f) the spray 
detaches from the nozzle after 1.50ms. The steady state condition, (d), remains for a 
longer period of time with increased injection duration, however, the beginning and end of 
injection remain transient. 
4.3 Pressure-Swirl Spray Imaging 
Spray imaging is a very good quali tative technique to aid the understanding of the global 
spray development and behaviour, prior to the application of quantitative techniques such 
as LDA and PIV. The interpretation of images however is always highly subjective, and 
therefore it was important to optimise the equipment to the particul ar spray case. A 
schematic of the imaging equipment is shown in Figure 4-4. 
4.3.1 lmaging Equipment 
To study the GDI spray a PCO fast shutter SensiCam SuperVGA 12 bit camera, capable of 
multi ple frames with exposure times in the range lOOns to lms, was used. A Nikon 55mm 
focal length macro lens allowed close up imaging of the spray. This provided an image 
size of 19 by 15mm represented by 1280 by 1024 pixels. At this resolution the maximum 
frame rate was limited to 8Hz. A PCI-Interface-Board linked the camera to a computer 
and converted the 12-bit data from the camera into a 16-bit array. This array was then 
converted to an 8-bit array and displayed on the monitor in 256 grey levels via the graphic 
board. The camera was controlled using SensiControl 4.03 software, which allowed 
control of camera parameters such as delay and exposure time. These parameters could be 
varied in conjunction with the lens aperture to optimise the available light and capture high 
quality spray images. 
To study the surface of the GDI spray cone, the camera was inclined at 30° to place the 
image plane onto the front surface of the spray cone producing a focused image of the 
liquid sheet. To improve visualisation of the spray cone close to the nozzle orifi ce the 
injector nozzle was chamfered, at an ang le of 30 degrees, to within 1 mm of the orifice. 
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To illuminate the spray, two EG&G Machine Vision Strobes 7020 Xenon fl ash units wi th a 
light output of l20mJ were used. One was linked to a Fostec fibre optic panel positioned 
behind the spray, to provide unifonn back-lighting over an area of 120 x I OOmm, whi lst 
the second, connected to a Fostec fibre opti c cable, ill uminated the underside of the spray. 
An electronic trigger, provided by a TTi TGA 1230 Arbitrary Wavefonn Generator, at a 
frequency of 8Hz (injection cycle of l25ms), was used to initiate the injector solenoid 
openi ng and, through th e TTi TGP l l 0 variable delay unit, to contro l the camera and the 
flash. This aiTangement allowed delay variation between the statt of injection and the 
image capture to phase lock the system and allow assessment of the temporal spray 
development. A fuel injection duration of 0.85ms was used for th is investigation, 
delivering approximately 9mg of fuel at 50 bar fuel line pressure and allowing a steady 
state spray to develop. 
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Figure 4-4. Imaging data acquisition equipment/or pressure-swirl injector 
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4.3.2 Image Optimisation 
Initial tests were conducted to optimise the spray illuminati on, wh ich is critica l for the 
production of high quali ty images and accurate analysis. Inappropriate lighting can often 
lead to omission of important surface structural detail with either dark areas or ar eas of 
high light intensity leading to glare. Due to the fact that w ith 50 bar injection pressure the 
spray cone moves at a relati vely high velocity, 80m/s, the exposure time of the camera 
needed to be kept to a minimum to allow the capture of well defi ned structu ral deta ils. 
However, there should also be enough light present to highlight all areas of the spray, fi·om 
the nozzle ti p where a region of high liquid density in the f01m of a jet/sheet is present, 
thTough the breakup region to the droplet formation. Furthem1ore, the xenon fl ash uni ts 
have a rise time before peak light intensity is attained. To maximise the available light, the 
cam era was shutter delayed by 5.91ls relative to the fl ash. Tests were conducted as regards 
the direction of illumination, the lens apert ure, the exposure time and delay between the 
camera and the xenon fl ash. 
Figure 4-5. Pressure-swirl spray 1.2ms afier injection with back/ighting. 
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Initiall y, the camera was positioned perpendicular to and focussed on the injector ax is with 
the strobe illumination panel positioned behind the spray to provide unifonn back-lighti ng, 
Figure 4-5. The macro lens produced a depth of field of onl y 5mm, and caused significant 
focusing problems relative to the 60 degree spray cone. The back lighting also generated 
shadows from the back of the cone, which although out of focus, had a detrimental effect 
on the fro nt surface image quality. The reverse side of the spray had a light defusi ng effect 
so foreground structural detail could be signifi cantl y impaired. High liquid density in the 
near nozzle region, initial l mm, reduced illumination fmther. However, laser fluorescence 
techniques have been used to visualise dense fuel vapour in diesel sprays [ 138]. 
An additional light source was subsequently used to help improve image quality of the 
front surface of the cone. The camera was inclined at 30° to focus on the spray cone to 
eliminate depth of fi eld problems, but at the same time it introduced a new problem in the 
near nozzle region. The first 2mm of the liquid sheet was obscured by the nozzle. The 
region of spray imaged when the camera is inclined by 30-35°, is shown in F igure 4-6a, 
with the spray cone highlighted in red. After consideration of the externa l air fl ow 
characteri stics, the nozzle was chamfered on one side to provide the required optical access 
for spray imaging. This provided an addition 1.5mm of spray visibility, Figure 4-6b . 
. {~ . 
.. -.. , .. 
Figure 4-6. Spray images of visible region before and after chamfering injector nozzle 
With the camera focused on the spray cone the illumination was adjusted to optimise 
structural definition on the image. All the images in this section have been taken of the 
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fully developed spray, 1.2ms after the electronic bigger to allow direct compansons. 
Relative to the electronic trigger there was a delay of 0.44ms before fuel was visible at the 
injector nozzle. The image in Figure 4-7 was obtained with the focussed image plane on 
the front spray surface whilst using the second strobe lamp to illuminate the front of the 
spray cone, position I in Figure 4-4, endeavouting to resolve the finer detail. 
It is clear from the image that the additional light reduced the spray structure definition, 
highlighting larger droplets in the foreground, which appear as btight spots. At this point 
the nozzle was complete, i.e. not chamfered, reducing visibility and casting a shadow onto 
the spray surface. 
mm 
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Figure 4-7. Mitsubishi spray 1.2ms after SO! with backlighting and front illumination. 
To reduce the b1ightness of the front lighting, the second light source was positioned 
beneath the spray, position 2 in Figure 4-4, to illuminate the underside of the front surface. 
The image shown in Figure 4-8 illustrates how important it is to position the light source 
well out of view of the camera, as large amounts of glare are present in the bottom left 
hand corner. Working at this magnification a small change of lighting alignment can 
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sign ificantly change the spray image. This arrangement was an improvement on the 
previous set-up as it picked out more of the front surface wave structures. 
Figure 4-8. Fuel spray with back lighting and front lighting from below. 
Figure 4-9. Fuel spray with back lighting and rear Lighting from below. 
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Further lighting arrangements were then investigated, this time with the secondary light 
source positioned towards the rear of the spray, position 3 in Figure 4-4. The image in 
Figure 4-9 shows the spray at the same point in time with the light source positioned 
underneath such that the rear surface is illuminated. By arranging the point light source in 
conjunction with the back lighting, the rear surface was saturated with light leaving the 
image of the front surface much clearer. This is evident in Figure 4-9, wh ich clearly shows 
the wave structure in more detai l than the previous two images. Effectively, the rear 
surface has been hidden from view, which aids the analysis of the fro nt spray surface. 
Finally, the rear lighting was positioned above the spray, position 4 in Figure 4-4, to 
evaluate any potential improvements in image quality, Figure 4-1. 0. Due to the geometry 
of the injector support bracket the secondary light source was inclined towards the camera 
to illuminate the top surface of the spray. As both strobes were inclined towards the 
camera, there was significantl y more lig ht which 'washed out' some of the fine structural 
detail. The camera aperture was reduced to allow for the higher light intensity and hence 
the background is darker than in the previous images. 
Figure 4-10. Fuel spray with back lighting and rear lightingfrom above. 
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This preliminary study set out to optimise tmage quality to al low a comprehensive 
assessment of the spray cone structure . It was shown that the best arrangement was 
achieved using a strobe panel to provide back lighting in conjunction with a strobe tube 
positioned to illuminate the rear section of the spray fi"om below. The aperture of the 
camera was set at f5.6, with a delay between the flash and image capture of 5.91J.S to 
maximise illumination, and an exposure time ofO. l f..I S. 
4.4 Rotary Valve 
A new method of studying break up phenomena of transient sprays was developed to 
greatly simplify the analysis of such flows. A unique rotary valve was specifically 
designed to produce a transient flat liquid sheet for fundamental analysis. The valve 
consisted of a rotating aluminium bro nze cylinder (1) inside a stationary stainless steel 
cylindrical housing (2), Figures 4-1 1 and 4-1 2. These materials were chosen to minimise 
friction since the cylinder was precision ground to provide a close runn ing fit of only 4f..lm 
clearance around its circumference to minimise fuel leakage. Both ( I) and (2) have a 
single spark eroded slot in the cylindrical wall s on a plane through their diameters . 
Gasoline enters the cylinder chamber from one end of the rotati ng assembly, F igure 4-1 2, 
and is emitted through the 1 x 20mm slot when aligned with the I x 30mrn slot in the 
housing. T he expansion in the slot length was designed to absorb any pressure fluctuations 
inherent of the system. A range of interchangeable brass nozzles (3) then thin the sheet 
from I mm to 0.15mm whil st expanding the sheet laterally, with a minimum aspect ratio of 
200: I . A thetmocouple and pressure transducer mounted at the fuel inlet allowed the 
measurement of fuel temperature and transient pressure fluctuations respectively. 
A I. 7Nm AC brushless motor was used to dri ve the rotary valve through a I 0: 1 gearbox, 
providing 16Nm continuous and 30Nm peak torque. The 4A servo drive for the motor was 
programmed to rotate the cyli nder once, at a speed of 150rpm, to provide an injection 
durati on of 5. 1 ms. An optical encoder was positioned on the d tive shaft to provide one 
TIL pulse per revolution, to trigger the CCD cameras and strobes simultaneously, F igure 
4-1 3. Two cameras mounted normal and inline with the sheet allowed simultaneous front 
and side imaging of the fl at liquid sheet. The TTL pulse was positioned as close to the 
opening point as possible to minimise any potential cycle to cycle vari ations in the motor's 
ro tational speed profile. A signal delay unit was then used to increment the image capture 
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time to allow a time se1ies of images to be captured for an assessment of the temporal sheet 
development. 
Figure 4-11. Exploded view ofrotaJy valve design 
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Figure 4-12. Rotary valve design showing direction of fuel .flow 
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Figure 4-13. image capture equipment [01· rotary valve 
4.5 Flat Sheet Optimisation 
The motor was initially programmed to rotate the cylinder at 382 rpm prov iding a valve 
open period of 2ms, and the injection pressure was set to 15 bar. Under these conditions 
very little fuel was emitted from the I mm s lot due to the short open duration coupled with 
the relatively low injection pressure. To allow successful fom1ation of a liquid sheet at all 
pressures the rotation speed of the cylinder was reduced to 50 rpm, providing a time open 
peri od of ISms. Although thi s open time is 3 times longer than a typica l 50 bar pressure-
swirl GDI injector under full load, approximately 4.5ms, it was important to assess the 
capability of the rotary valve. Under these conditions a liquid sheet developed 
successfu lly. The delayed s ignal to the camera was adjusted until liquid was just vis ible at 
the nozzle exit. This point was defined as the start of injection, O.Oms. 
4.5.1 1 mm L iquid Sheet 
An initial evaluation was conducted, without the sheet conditioning nozzles, of a liquid 
sheet with a thickness of I mm and width of 25mm. Due to the relatively poor surface 
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finish of the spark eroded slot small disturbances were visible on the surface of the 
resulting liquid sheet at various stages in the injection. With the vessel pressurised, there 
was a small amount of fuel leakage between the cylinder and its housing. It was fo und that 
a build up of fuel on the underside of the valve hindered the development of the liquid 
sheet and subsequently it was necessary to remove this prior to initiating an inj ection. 
From the first evaluation it was evident that refinements were required to optimise the 
liquid sheet to provide a simplified model of a pressure-swirl spray. It was apparent that 
the surface imperfections had a significant affect on sheet break up during the early stages 
of sheet development, Figure 4-14a. Large dark strands of 1 mm width and 0.5mm spacing 
fonned across the sheet indicating a highly turbulent flow which hindered light 
transmission. Based on the chosen rotation speed, between an image time of 1 and 2ms the 
valve only opened from 0. 13 to 0.26mm respectively, therefore any surface inegularities 
along the edge of the metal slots significantly affected the liquid boundari es. Secondly, the 
break up of the liquid sheet over the first 65mm was minimal. This was mainly due to the 
sheet thickness, 1 mm, which is significantly thicker than the liquid sheets emitted from 
GDI injectors, of up to 0.15mm. It was observed that surface tension forces acted to draw 
the sheet towards its central axis in some cases. 
2.on1s • 
Figure 4-14. (a) Development and (b) steady state phase of 1 mm liquid sheet 
4.5.2 Glass Nozzle 0.2mm Liquid Sheet 
A glass nozzle was attached to the rotary valve to thin the liquid sheet, eliminate 
disturbances due to surface roughness effects and provide optical access to the flow inside 
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the nozzle. The glass nozzle was constructed from two pieces of float glass, 130mm long 
and 5 x 6mm cross section, which were spaced with a shim of 0.2mm at each end and 
bolted to the underside of the rotary nozzle. The resulting slot was 0.2mm wide, 30mm 
long and 6mm deep. To aid the entrance of the liquid from the spark eroded slot into the 
glass nozzle and prevent flow separation, the glass edges had a 0.5mm radius. The 
injection conditions were kept the same as before and images of the resulting liquid sheet 
were taken every 0.2ms. 
It is evident from the images captured with 15 bar injection pressure, Figure 4-15, that the 
addition of a glass nozzle significantly changed the structure of the liquid sheet. The high 
level of turbulence due to surface imperfections that were present previously, were 
eradicated, allowing a smooth liquid sheet to develop. There were no bubbles present 
wh ich were generated previously by the rough surfaces. In essence, the liquid sheet was 
more stable and regular, resulting in less structural changes throughout the injection cycle. 
Figure 4-15. Development, a) 3.8ms, and steady s tate, b) 1 1.8ms, phase o.f0.2mm sheet 
Although the liquid sheet was much improved, there were still further modifications 
requi red to generate a regular sheet uninfluenced by poor surface fini sh and nozzle 
construction. Under the glass nozzle an·angement break up of the liquid sheet was sti ll 
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lacking, even at 65mm downstream from the nozzle orifice. The exit sheet thickness was 
0.2mm and in the first 65mm can be considered as stable, i.e break up has not occuned. 
The main problem is that the sheet has no instabilities, such as waves, liquid turbulence, 
swirl leading to increased shear, or air impingement. 
It was noted by Carvalho et al [139] in 2002, while researching a fl at liquid film 
sunounded by two air streams, that at hjgh liquid velocities; in excess of 4.3m/s, no wave 
structure was present on the liquid surface. Based on the pressure drop across the flat sheet 
nozzle of up to 50 bar, the liquid sheet velocity for this investigation is far in excess of the 
expetimental conditions of Carvalho et al, 0. 7 to 6.4rnls, and therefore their results may not 
be comparable. At lower velocities the surface tension forces of the sheet dominate 
resulting in a continuous sheet which in some cases converges downstream. For the 
current work it was important that either waves or perforations did fonn on the liquid 
surface to promote the break up of the liquid sheet and simulate a s imilar break up 
mechanism to the pressure swirl spray. 
4.5.3 Glass Nozzle Divergent Liquid Sheet 
To introduce liquid sheet instability the glass nozzle was modified to fonn a tapeting slot. 
The nozzle cross-section was tapered from 0.5mm at the top to 0.1 5mm at the bottom, 
whilst the slot width diverged at an angle of 30 degrees on each side. The latter is readily 
seen in Figure 4-16. The main objective was to squeeze the liquid so that a lateral velocity 
component was introduced to the flow providing a mechanism for spreading the sheet. 
Sheet stretching, which is present in a pressure-swirl spray is thought to be the most likely 
cause of perforation development on the sheet which in tum lead to its' disintegration. 
Examples of the liquid sheet produced by reducing the sheet thickness and di verging the 
nozzle are shown in Figure 4-1 6. Under an injection pressure of 20 bar the liquid sheet is 
clearly stretching as it follows the line of the divergent nozzle and therefore thins with 
downstream propagation. This induces sheet instabilities which in turn cause perforations 
and wave structures to develop. Although the sheet break up is stjJl in excess of 60mm 
downstream it will be shown later in this study that the sheet velocity is far lower than that 
of a pressure-swirl spray and hence low aerodynamic forces are present. 
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The major limitation with the glass nozzle geometry was the problem encountered with 
poor sealing. By inclining the two pieces of glass to form the taper it was extremely 
difficult to seal the nozzle onto the main injector body. The gap between the two pieces of 
glass also required sealing which posed more problems. To the left of the liquid sheet on 
the images in Figure 4-1 6 an additional liquid jet is visible as gasoline leaks through the 
seal. To avoid this problem a brass nozzle holder, shown in Figure 4-1 7, was designed to 
hold the g lass pieces fim1ly in position whilst using an 'o' ring to seal against the main 
injector body. The glass strips were inclined at 6 degrees to each other and glued in place 
using silicon sealant and shimmed to provide the 0. I 5mm slot. 
Figure 4-16. Two examples of30° divergent sheets under 20 bar injection pressure 
It was observed that even with the use of a brass nozzle holder it was difficult to 
consistently produce the desired slot width of 0. 15mm due to assembly difficulties. 
Although a 0.15mm shim was used, the resulting slot width was actually 0.2mm due to the 
truckness of the sealant. 
The sheet thinning of a pressure-swirl spray with a 60 degree cone angle was calculated to 
allow its simulation with the flat sheet. Estimating a sheet thickness at the nozzle of 
0.15mm based on the work of Le Coz and Hermant [80] it was possible to calculate the 
rate of sheet thinning based on the spray geometry. These calculations are shown in 
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Appendix 4 and imply a sheet thinning of 0.0 11 8mm for every 1 mm in the direction of 
movement along the sheet. Based on this figure the divergence angle for a fl at slot was 
calculated such that it produced the same sheet thinning conditions as the pressure-swirl 
injector. 
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Figure 4-17. Brass nozzle holder and nozzle cross-section 
A typical example of the liquid sheet produced by the 100 degree inclusive divergent 
nozzle is shown in Figure 4-1 8. It is evident that sheet thinning is promoted as there is a 
significant reduction in the break up length of the sheet. Due to the additional nozzle 
divergence the break up structure was highly irregular because surface tension forces were 
overcome by the aerodynamics closer to the nozzle. 
It is apparent from the image that the surface structure changed with the use of the new 
nozzle holder. It is believed that surface impe1fections of the machined 2mm slot in the 
brass nozzle holder and the varying slot width in the axial direction caused bubbles and 
turbulent flow to develop prior to the nozzle exit, denoted by dark regions inside the glass 
nozzle. For this investigation it was important that disturbances caused by surface 
imperfections were minimised as these can significantly affect the break up observed 
further downstream whilst using this nozzle. 
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Figure 4-18. Liquid sheet produced using a 50 degree divergent nozzle 
4.5.4 Brass Nozzle 0.15mm Liquid Sheet 
l.J 
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It was established during the course of the glass nozzle testing that the ability to visualise 
the internal nozzle flow was less beneficial to the study than previously thought due to 
minimal internal flow variations, Figure 4-16. Subsequently, a seri es of brass nozzles were 
designed to allow the assessment of various sheet divergence angles, parallel, 20° and 30° 
(half angles), shown in Figure 4-1 9. Although the calculated divergence angle, to match 
that of the pressure-swirl spray, was 50 degrees, it was logical to study the liquid 
divergence with a range of angles. The nozzle design and relatively low injection 
pressures prevented a successfu l analysis of the 50° divergent sheet. 
Initial evaluation of the liquid sheet fonned by the brass nozzles showed that during the 
first I ms of the injection cycle the emerging liquid sheet was highly turbu lent as the 
injected high pressure fuel interacted with the static fuel contained inside the nozzle left 
over from the previous injection. As this turbulent Jiqwd mass penetrated furiher, 
ligaments and perforations formed at the leading edge with a flat liquid sheet fom1ing 
behind. The liquid sheet was considered to be rn ost stable at a time of 5rns after statt of 
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injection, i. e. just prior to the rotary valve closing. In the near nozzle region the stable 
sheet exhibits fine crosswise waves with an estimated wave length of 300~tm, similar to 
those observed by Hashimoto and Suzuki [11 7] in a thin liquid sheet over the Reynolds 
number range 400 - 800. These crosswise waves, which are thought to be caused by 
internal instability [11 7], decay within 1 Omm of the nozzle whilst stream wise waves 
propagate further downstream, and in some cases, cause ligament fom1ation. 
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Figure 4- 19. Brass nozzle, parallel, 20 and 30° slots 
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Closer inspection of the brass nozzles showed that these longitudinal waves were 
predominantly caused by surface imperfections on the nozzle slot. The surface roughness 
was removed by polishing and the straight nozzle was assembled, without the use of 
sealant. Using sealant between the two nozzle halves was problematic as it firstly 
increased the width of the slot, and secondly, modified the slot edges. It was found that a 
metal on metal seal was adequate for the investigated liquid pressures of up to 50 bar. The 
injection duration was reduced to 5. lms and images of the liquid sheet emitted from the 
improved nozzle were captured, UJlder the same test conditions as before, Figure 4-20. The 
modifications to the nozzle eradicated the longitudinal waves and, generally, the sheet 
appeared more even at the edges due to the absence of sealant. 
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Figure 4-20. Development, 3.0ms, and steady state, 5.0ms, sheet under 20 bar pressure 
4.6 Particle Image Velocimetry, PIV 
Particle fmage Velocimetry is an imaging technique generally used to provide velocity 
flow field ]nfonnation within a pmticular plane through the fl ow. The flow is seeded with 
particles and a light sheet used to illuminate a single plane. With the camera positioned 
perpendicular to the plane, there are several methods which can be adopted to measure the 
flow velocity, based on the characteristics of the tlow. 
The simplest imaging technique by which flow structure infonnation can be obta ined is 
Particle Tracking Velocimetry, PTV. This technique is used when the seeding density is 
low. The technique involves either pulsing the light sheet at a known frequency and 
setting the camera with a single long exposure, or using a number of fast exposures to 
capture particle movement on one image. The image shows qualitative infonnation of the 
flow direction and structure depicted by pmiicle tracks. The method has been detailed by 
Goodw]n and Wigley [ 140] who used this technique to study engine flows in a water 
analogy rig, providing information on in-cylinder tumble and swirl characteristics. 
Velocity measurements could be calculated based on pixel movement along the particle 
tracks and the fixed time between exposures. 
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Two other methods can also be adopted to provide quantitative flow information, an auto-
correla ti on and a cross-correlati on method. The auto-correla ti on method is applied to the 
image of a single exposure with a double light pulse to capture particle pairs. The method 
uses a digital fast fourier transfonn on the image pairs to assess the flow velocity. A major 
disadvantage with this method is a 180° flow direction ambiguity. Prior knowledge of the 
flow char acteristics is therefore required to corTect misaligned velocity vectors. 
T he more commonly used cross-corre lation method overcomes the flow ambigui ty by 
analysi ng two separate images with a short delay time between each image. Using a 
continuous, or double pulsed light source the cam era is set to capture two images at 
specified time intervals. lt is however, imp01t ant to choose the correct time delay between 
the two images based on the flow velocity. Particle, or pixel, movement between the 
images should be kept below 10 pixels to maximise the effectiveness of particle pairing 
without degrading the spatia l resolution. Keane [141 ] indicates that there is also an 
optimal choice of light sheet thickness based on the flow characteristics to eliminate loss of 
image pairs due to out-of-plane flow motion. 
A cross-correlation particle image velocimetric method was adopted for this study to 
fu rt her aid the analysis of the fl at liqu id sheet. Rather than seeding the flow with particles, 
surface structures in the fonn of waves and perforations were tracked between images. 
This technique was also adopted by Broil and Walzel [142) to assess the flow field 
produced by a pressure swirl spray operating between 0.5 and 1.6 bar injection pressure. 
An LED panel was positioned behind the spray and a l 05rmn lens was used to allow near 
nozzle imaging. For this study a 120mJ laser was positioned beh ind the liquid sheet in 
conjunction with a divergent lens and a fluorescing 'gel' panel to provide uniform back 
illumination. The system was an anged to capture two 7ns exposures by puls ing the laser 
with a temporal separation of 2011s, providing a pixel movement range of 3 - 9 based on a 
velocity range of 12- 36rn/s respecti vely. 
The temporal sheet development was investigated using all three nozzles at three injection 
pressures, I 0, 20 and 30 bar. At each test condition 10 double exposw-e images were 
captured in succession to allow an average flow field to be calculated. A batch processing 
technique was adopted whereby each image pair was subjected to 5 con·etations of 
progressively decreasing inteJTogation w indow size, 256 x 256, 128 x 128, 64 x 64, 32 x 
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32, and 32 x 32 p ixels. An average vector fi eld was calculated from the batch and a typical 
image superi mposed as shown in Figure 4 -21. A mask cou ld be applied retrospectively to 
the image to omit vectors outside the fl ow area, in this case, the liquid sheet. 
lmage pair 2 
Image pair I Image pair 3 
Figure 4-21. Batch processing to produce an average .flow field 
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4.7 Laser and Phase Doppler Anemometry, LDA and PDA 
The LDA/PDA system was used to study both the pressure-swirl spray [143, 144] and the 
transient flat liquid sheet. For the latter thi s was to complement the PJV spray structure 
velocity measurements and provide drop size data. Unlike PlY, LDA is a point 
measurement technique and therefore the rotary valve was scanned in the radial and axial 
directions relative to the fixed laser measurement volume to provide a 2-D plane of data. 
combining 
Transmitter optjcs 
Figure 4-22. LDAIPDA system 
The two component transmitter system, Figure 4-22, used laser wavelengths of 488 and 
514nm and powers of 120 and 250m W respectively. Each transmitter split the beam into 
two coherent paral lel beams using a Bragg cell and beam expanding optics which was then 
focused by the final lens to form two coincident measurement volumes of 42 and 451-lm 
diameters respectively. The receiver, a Dantec 57Xl 0, with four photo-multipliers, was 
positioned at a 70 degree scattering angle and with a O.lmm apett ure produced an effective 
measurement volume of 0.1mm in length. In the fringe model the wavefronts in each of 
the intersecting beams interfere to produce a well defined fringe pattem; the 514nm beams 
has the fringes in the vertical and the 488nm in the horizontal section. As there is a 
frequency shift between each beam the fringes move relative to the measurement vo lume, 
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allowing directional ambiguities to be resolved. As droplets pass through the fiinge pattern 
light is elastically scattered, collected by the receiver and detected by the photo-multiplier 
to produce a signal called a Doppler burst. The Doppler bursts contain information about 
the droplet size and velocity. The droplet velocity can be calculated with prior knowledge 
of the laser light wavelength, A.., the Doppler frequency,f0 , and the intersection angle of the 
laser beams, B: 
A.fo 
u = ------:-';:__-o-
2sin(B 12) (16) 
To size the droplet, a minimum of two detectors in a vertical plane normal to the fringe 
pattern are required. The two signals, generated by a droplet moving through the fringe 
pattern, are separated by a small time delay or phase difference, Q>, which is related through 
the optical scattering geometry, Figure 4-23, to the radius of curvature of the droplet. The 
following equation relates to refracted light where d is drop diameter, m is relative 
refractive index, A. is laser wavelength, e is beam intersection angle, (jJ is scatter angle and \jl 
is signal path angle: 
(17) 
A Dantec BSA-P80 signal processor was used with a Doppler signal frequency bandwidth 
producing an experimental velocity bandwidth of -35 to l 05m/s. A high signal gain was 
adopted to allow detection of the smallest droplets, however, to ensure minimal opto-
electronic noise, the gain was set in the densest part of the spray, i.e. 0.5mm below the 
nozzle in the pre-swirl region. To ensure reliable statistical velocity and drop size 
averages, 20,000 samples were taken at each measurement position, or in regions of low 
spray density, 1000 injections over a period of 125 seconds were sampled. Radial scans 
were conducted at 10 positions along the spray axis, from 0.5 to 5.0mm, in 0.5mm steps. 
Each scan was initiated from the spray axis and incremented in 0.1 or 0.2mm steps to the 
spray periphery nearest the receiver. The smaller increments of 0.1 mm were used close to 
the nozzle and at the spray cone location where large velocity gradients were present. 
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This experi mental method was adopted for the study of the transient flat liquid sheet. Due 
to the difference of spray structure and smaller number of droplets present it was not 
practicall y possible to sample 20,000 droplets at each measurement point. With an 
injection timing of 1Hz the acq uisition software was con figured to collect l 0,000 velocity 
samples over a maximum period of 1 00 seconds. The LDA measurement volume was 
positioned in the centre of the liquid sheet, to avoid edge effects, and on the nozzle axis to 
locate the zero position. Rad ial scans were then undetiaken using a precision traverse with 
a digital vemier to accurately position the rotary valve, and liquid sheet, relative to the 
measurement volume. Radial scans were conducted at 6 locations down the sheet axis, I 0, 
20, 30, 50, 75 and 1 OOmm. In the near nozzle region scans were initi ated 5mm off-axis 
and then incremented, in 0.25mm steps, towards the spray axis, whereas, further 
downstream scans were started 7mm off-axis with 0.5mm increments. 
(y) 
Detector A 
Figure 4-23. Optical scattering geometry 
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5.0 Pressure-Swirl Spray 
Prior to the fundamental study to inves tigate flat liquid sheet break-up, a production GDI 
pressure-swirl injector was studied to gain an understanding of the spray characteristics 
associated with such an injector. The experimental set up for the spray imagi ng work is 
described in chapter 4. To reiterate, a PCO SensiCam camera was used with a N ikon 
55mm focal length macro lens, inclined at 30° for most of the work, to place the image 
plane onto the front surface of the spray cone. To study spray penetration and cone angle, 
the camera was positioned perpendicular to the spray axis. The camera aperture was set at 
f5 .6, and an exposure time of 0.1 )lS was used to provide sharp image definition. A 
shadowgraph technique was adopted , us ing a xenon fl ash unit coupled with a Fostec fibre 
optic panel behind the spray, and additional illumination from the underside of the spray. 
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Figure 5-J. Spray development, 0.5 to 1. 6ms after SOl in JOOJ!S intervals (50bat) 
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The Mitsubishi GDI injector used for thi s investigation operates wi th a valve open range 
from 0.4 to 4.5ms for idle and ful l load conditions respectively at an injection pressure of 
50 bar. Most of the analysis for this study was undertaken with an injector valve open time 
of 0.85ms, typical of the 30-40mph cruise condition. It should be noted that all the spray 
timings are referenced to the electronic trigger signal. 
The spray development from the pressure swirl injector is shown in Figure 5-1 . The first 
two images, up to 0.6ms, show the fue l emitted from the nozzle in the form of an axial 
liquid jet. This is tem1ed the pre-swirl region and occurs befo re the fuel inside the injector 
has bui lt up enough tangential momentum in the swirl chamber at the beginning of the 
valve opening phase. After thi s period the tangential force caused by the swirl motion of 
the fluid , forces the spray cone to develop. Subtle changes in the spray cone angle, 
highlighted by a ' fl appi ng' moti on during this phase are possib ly due to pressure pulses 
created by the valve opening event. These contribute to the large scale transient spray 
structures associated with the GDI pressure-swirl injector. A steady state spray cone 
condition is only achieved by 1.2ms, due to the short injecti on duration of 0.85ms. This 
condition is achieved just prior to the spray cone collapse and spray detachment. 
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Figure 5-2. Pressure-swirl spray at 1.4ms after SOl under (a) 10 bar and (b) 50 bar 
To allow a fu ll assessment of the pressure-swirl spray, fuel flow rate, spray peneh·ation and 
cone angle, liquid sheet break-up length, and surface wave frequency were measured. The 
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injection pressure range 10 - 50 bar was investigated to study the structural behaviour of 
the spray as a function of pressure, Figure 5-2 and Appendix 5. 
5.1 Fuel Flow Rate 
The fuel pressure was vmied in 10 bar steps from 10 to 50 bar and the injection duration 
was varied from 0.85ms, equivalent to 30/40 mph cruise at the 50 bar condition, to 4.5ms, 
full load condition. Fuel was injected into a conical flask positioned beneath the injector 
with the injector nozzle sealed inside the neck of the flask to prevent spray escaping. The 
injector was run at 8Hz for 2.5 minutes, 1200 injections, to allow detennination of an 
average fuel quantity with a high statistical significance. The flask was subsequently 
weighed to a precision of 0.1 mg and the value divided by total number of injections to 
provide a fuel mass per injection. 
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Figure 5-3. Injected fue l mass with (a) changing pressure and (b) injection duration 
The data presented in Figure 5-3 a shows the effect of pressure on the injected quantity of 
fuel. As expected the mass of injected fuel increases with injection pressure. The plot 
shows that injected fuel mass increases more between 10 and 30 bar than 30 to 50 bar 
injection pressure. This is typical of a swirl injector, where the flow rate changes very 
little at high pressures and for further pressure rises. For sh011 injection durations, such as 
0.85ms, the opening and closing of the needle dominates the injection period producing a 
predominately transient spray. This means that the time duration for the fully open needle 
is small enough to have very little affect on increasing the mass of fuel injected with a rise 
in fuel line pressure. Hence the gradient of the 0.85ms plot is significantly lower than that 
of 4.5ms with a 10 fold increase across the entire injection envelope, 0.85ms at 10 bar to 
4.5ms at 50 bar. This characteristic is also apparent in Figure 5-4 which shows the average 
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injection mass flow rate. Due to the dominance of the needle opening and closing for a 
0.85ms injection, the flow rate is s ig nificantly lower at the higher injection pressures. 
Further investigation using the Bosch fl ow rate tube is required to gain a quantitative 
understanding of the transient flow rate through the pressure-swirl injector. 
The plots in Figure 5-3b show a distinct linear relationship between injected fuel mass and 
the injection duration. As expected, the longer the injection durati on, the greater the 
quantity of fuel injected. At the higher pressures the fuel injected increases at a greater 
rate with increases in injection duration as the steady state condition is more significant in 
the delivery of larger quantiti es of fuel. The injected fuel mass over 4.5ms increases by a 
factor of2.3 between 10 bar and 50 bar. 
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5.2 Spray Penetration 
-+- 0.85ms 
- 2.0ms 
-+- 3.0ms 
...._ 4.0ms 
_..._ 4.5ms 
To assess the spray penetration 5 separate images were captured at each temporal position 
and an average image calculated using PCO Picture Viewer software, reducing structural 
definition but emphasising the global spray shape. Usi ng a I 08mm zoom lens, the CCD 
camera was positioned to provide a large field of view, from the nozzle orifice downstream 
to 93mm. [njection pressures in the range I 0 - 50 bar whilst inj ecting for 0.85ms were 
studied. 
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Based on the optical magnification and the 1280 by I 024 pixel anay, I pixel on the image 
represented 0.073mm. The images were converted from grey scale to pseudo colour to 
provide a more defined spray edge for improved detection. It was estimated that, at worst, 
the accuracy using this magnification was ±3 pixels based on the image interpretation, 
equating to a measurement range of ±0.2mm. The temporal penetration of the pre-swirl 
and spray cone were measured. The measurement accuracy was signi ficantl y higher 
during the early stages of injection, due to the dense spray structure in the pre-swirl region. 
As the spray developed and atomisation increased, the drop density in the spray periphery 
reduced and spray cone boundary interpretation en·ors were higher. 
5.2.1 Analysis of Pre-swirl Penetration 
The pre-swirl penetration, shown in Figure 5-5a, increases with time over the range of 
pressures, I 0-50 bar. As expected the penetration is a minimum at the lowest pressure and 
a maximum at the highest pressure, due to the increased fluid momentum at the higher 
pressures. 
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Figures 5-5. Pre-swirl penetration at various (a) pressure and (b) injection limes 
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It is evident, towards the end of injec tion, l. 2ms onwards, that the rate of penetration 
begins to decrease. This was observed to a greater extent by Comer et a! [ 145] whilst 
investigating a pressure swirl spray with a 1.5ms pulse under 100 bar fuel line pressure. It 
was possible to split the temporal spray tip peneh·ation into two distinct regions, however 
there is no ex planation as to the cause of reduced spray advancement. It may be assumed 
that as the fuel undergoes break up and atomisation, the increased surface area and hence 
air resistance slows the spray advancement. If the imaging was continued for a further 
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period of time after the end of injection it is anticipated that spray penetration would 
follow a similar trend to the documented data, and possibly reach a maximum as the 
droplets loose all momentum, at which point the spray is widely dispersed and evaporation 
is occurring. 
During the early stages of injection, 0.5 and 0.6ms, it is observed in Figure 5-5b that the 
rate of increasing penetration decreases. At 0.5ms the penetration appears to have reached 
a maximum at an injection pressure of 50 bar. At this point in time, 0.5ms, the jet 
penetration is significantly affected by the increasing injection pressure, with penetration 
increasing 4.5 times between 1 0 and 50 bar. In comparison the penetration only increases 
2.2 times over the same pressure range, 0.9ms later in the injection. 
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The influence of injection pressure on spray penetration throughout the entire injection 
process is depicted in Figure 5-6 by taking a ratio of the penetration at the highest and 
lowest pressures. The plot clearly shows the significant pressure influence in the early 
injection stages, however this drops dramatically as the spray cone develops up to 0.7ms 
after SOL Once the cone has developed the pressure influence stabilises at 2.2:1 for the 
remainder of the injection. In this steady state region, increasing the pressure 5 fo ld , has a 
2 fold affect on the penetration. The in itial decrease of penetration ratio can be explained 
by the increased speed of liquid break up at the higher pressures leading to greater drag 
forces on the pre-swirl spray. After this point, 0.7ms, the deceleration of the 50 bar spray 
approaches that of the 10 bar spray so the penetration ratio remains steady. 
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5.2.2 Analysis of Spray Cone Penetration 
The cone statis to fom1 0.2ms after the pre-swirl jet first emerges from the orifice, however 
it was difficult to define the leading edge of the cone at this point and therefore the analysis 
of the images start from 0. 7ms. 
The penetration of the spray cone leading edge increased with time and injection pressure 
as shown in Figure 5-7 a. Some of the plots indicate that the cone penetration, and hence 
velocity, was slower at the beginning, however this was not the case. At the beginning of 
the cone development there is a high spray density in the near nozzle region making it 
difficult to identify parti cular regions, Figure 5-7b. As the spray dispersed these regions 
became more apparent and it was clear that the cone consisted of two patis. In the 
following two images the light blue region indicates the intennediate spray between the 
pre-swirl and the swirling spray cone, which was fonned as the spray cone opened. 
Although not part of the spray cone, in the early stage of cone development it was not 
possible to decipher between these two regions and subsequently the measured cone 
peneh·ation at 0.7ms includes this intermediate spray. 
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Figure 5-7. a) Spray cone penetration, and b) development at 0. 7, 0.8 and 0.9ms 
Comparing the spray cone penetration rates wi th those for the pre-swirl, the p enetration is 
significantly lower due to the lower axial velocity, resulting directly from the swirl 
component, and the higher droplet drag with improved atomisation and hence higher 
surface area. These results are consistent with those obtained by Pan·ish and FatTell [ 146] 
while investigating the transient spray characteristi cs of a GDI fuel injector. 
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Figure 5-Ba & b. Spray cone penetration as a percentage of pre-swirl penetration 
The relative penetration as a percentage of the pre-swirl penetration is illustrated in Figure 
5-8 showing lines of a) constant pressure and b) constant time. Throughout the injection 
process the relative spray cone penetration increases, most significantly at the lower 
injection pressures, with relative penetrations increasing by up to a third over the injection 
period. The rate decreases substantially as the cone develops and begins to plateau at a 
time of 1.0ms after electronic SOL The fl attening of the curves indicate that the cone is 
decelerating at a quicker rate than that of the pre-swirl spray and hence the distance 
between the pre-swirl and cone is still increasing. 
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Figure 5-9. Pressure influence on spray cone penetration 
The lines of constant time, shown in Figure 5-8b, indicate how pressure affects the relative 
penetration. Over the pressure range 10 - 50 bar the relative phase lock penetration 
decreases by up to 10%, indicating that the injection pressure has a greater influence on the 
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pre-swirl penetration . In other words, the fuel contained within pre-swirl has greater 
momentum than that of the cone which is less susceptible to injection pressure tises. 
The pressure influence on the cone penetration is consistent throughout the injection 
process, dropping from a penetration ratio of 2.3 to I. 7 over a period of 0.6ms, shown in 
Figure 5-9. The ratio decreases below that of the pre-swirl due to the increased drag on the 
spray cone at high injection pressures. The spurious data point at 0. 7ms can be attributed 
to the problems mentioned earlier of measuting spray cone penetration during the early 
stages of injection. 
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Figure 5-J 0. Comparison of present work with another pressure-swirl study [ 147} 
The results have been briefl y compared to those measured in a similar study focusing on a 
pressure-swirl atomiser [14 7]. The increasing penetration of both the pre-swirl and spray 
cone with time under an injection pressure of 50 bar is shown in Figure 5-10, clearly 
indicating the higher penetration rate of the pre-swirl. The ' pre-spray' and 'main spray' 
plots show the results of the other pressure-swirl atomiser operating with an injection 
velocity of77.5m/s. Although not directly comparable, due to differences in nozzle design 
and possibly time base, the trends are similar. In Schmidt' s investigation [147] an 
injection duration of 5ms was used to ascertain the development of spray penetration. As 
expected, the rate of penetration does slow with time whilst the divergence between the 
pre-swirl and the cone increases due to the higher momentum of the pre-swirl spray. 
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5.3 Spray Cone Angle 
A Sobel edge enhancement filter [148] was applied to mean spray images to highlight the 
spray boundary for improved cone angle measurement. An example of such an image 
taken at l.3ms after start of injection under an injection pressure of 40 bar is shown in 
Figure 5-11. The spray boundary is clearly identified by the filter and the light intensity 
distribution taken along the chosen cross section, 5mm downstream of the nozzle orifice. 
The analysis focused on the near nozzle region, 0-5mm, as the spray cone was well 
defined and linear, whereas further downstream the boundary curvature increased and the 
spray density decreased reducing cone edge visibi lity. 
Figure 5-11. Sobelfllter and intensity distribution used to define spray boundwy 
The spray cone boundary was extrapolated on both sides to a virtual spray centre\ine and 
the total spray cone angle measured, accounting for any structural ambiguities or nozzle 
misalignment. Due to low spray velocities whilst operating at 1 0 bar, spray development 
was significantly slower, with cone growth delayed by almost 0.1 ms relative to higher 
injection pressures. With increasing pressure, the end of injection and collapse of the cone 
occwTed earlier making it impossible to measure cone angle after 1.4ms. 
It is evident that the spray cone development follows the same transient behaviour at all 
injection pressures in the pressure range studied, Figure 5-1 2a. The cone develops at the 
same rate in all cases over a period of O.lms, reaching a peak cone angle befo re relaxing 
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by 6-9% and finall y reaching a plateau, or steady state condition. This behaviour has been 
visually observed with a fl apping motion during the development of the cone and was aJso 
identified by Glaspie et al [149]. An interesting point to note is that the steady state cone 
angle appears to be independent of injection pressure with all the plots converging to 
within ± l 0 of each other. The average steady state spray cone angle produced by the 
Mitsubishi injector is 67 degrees. 
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Figure 5-12. a) Temporal variation o_( cone angle and b) maximum & minimum cone angle 
The maximum and minimum spray cone angle dUti ng the transient stage of injection is 
shown in Figure 12b. Location of maximum cone angle has proved to be more consistent 
than the minimum, however the trends clearl y remain very similar. Due to a marginally 
higher gradient of the maximum spray cone trend line, the two plots diverge as injection 
pressure increases, indicating a larger spray fl apping motion as higher pressures are 
reached. 
5.4 Spray Structure and Liquid Sheet Break Up Length 
When the fuel emerges from a pressure-swirl nozzle, a thin conical liquid sheet is fonned 
prior to fl uid break up. This liquid sheet forms part of the spray cone, so to allow 
successfu l imagi ng of the spray, the camera was incl ined at 30° to place the image plane on 
the spray cone, as described in chapter 4. Before the break up length of the liqu id sheet 
cou ld be accurately assessed it was important to understand the structure of the pressure-
swirl spray. 
Operating with a fuel line pressure of 10 bar it was possible to split the break up 
mechani sm into 4 distinct regions, as shown in Figure 5-1 3. In the near nozzle region there 
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was a continuous liquid sheet with surface wave disturbances of 160J..tm wavelength in the 
first visible millimetre which di spersed fo r a fu rther 2mm . At this point the structure 
changed dramatically wi th the fonnation of larger waves and the appearance of apparent 
perforations in the sheet, up to 1 mm in diameter. After 3mm the perforations were 
sufficient enough to cause the radial detachment of fi laments from the leading edge of the 
sheet. Consequently, droplets were fanned within I Omm of the nozzle orifi ce. 
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Figure 5-13. Pressure-swirl spray highlighting 4 regions of the spray break up process 
The previous spray structural analysis has shown well defined regions, namely continuous 
sheet, perforated sheet, fi lament and droplet form ation, at low injection pressures. Having 
defined the structural behaviour of the spray it was important to define the sheet break up 
length so consistent length measurements could be conducted. Rhim et al [ 150] has 
investigated the break up lengths of conical liqu id sheets from o il bumer pressure-swirl 
atomisers using light oi l and water emulsion mixtures in the injection pressure range 10 -
Page 120 
Chapter 5. Pressure-Swirl Spray 
120 bar. Two break up lengths were defined, firstly the point at which perforations form in 
the sheet and secondly the point where drop fo rmation takes p lace. For the purpose of this 
analysis the break up length has been defined as the point of first sheet perforation. At low 
pressures, 10 bar, it was easy to assess the break up point due to the low structural 
complexity, however with increasing pressure and sheet complexity, Figure 5-2, the 
assessment was more difficult. It was easier subjectively to identify the sheet perforations 
with the aid of a pseudo colour image based on light intensities as shown in Figure 5-14. 
The use of such a tool enhanced regions of high complexity allowing identifi cation of 
small perforations. 
Figure 5-14. Enhancement ofsheet pe1forations at 40 bar injection pressure. 
The optical arrangement provided an image reso lution of 66.8 pixels to 1 mm. Through 
image interpretation it was estimated that, structural location was accurate to ± l pixels, or 
± l 5J.trn as a length scale. At an injection pressure of l 0 bar this accounts for 0.28% of the 
average break up length, whereas for the worst case, at SO bar the location etTor increased 
to 0 .57%. A more significant error was that incurred due to image interpretation, which is 
not easily quantified. To reduce this erTor 5 separate images were analysed at each 
pressure and an average break up distance calculated. The method of averaging 5 images 
was also adopted by Adzic et al [ 13 1] when investigating the d is integration of an annular 
liquid sheet. For the current study, it became increasingly di fficul t to identify the 
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perforated sheet at higher pressures due to the reduction of light intensities as more fuel 
was injected and the change of spray appearance to a cell like structure similar to that 
observed by Stapper et al [99]. The perforations were also significantly smaller at the 
higher pressures. It was not possible to assess the break up length of the sheet by locating 
perforations for pressures in excess of 50 bar due to the apparent absence of these holes. 
The break up length of the liquid sheet at the steady state condition of 1.1ms after 
electronic start of injection was investigated with varying injection pressure, shown in 
Figure 5-15. To derive the true break up length, 0.5mm should be added to the values to 
account for image obscuration due to the camera angle relati ve to the injector nozzle. 
Initially, there was a rapid decrease in sheet break up length between 10 and 20 bar caused 
by the increasing shear force with increased injection velocity. After this point the break 
up length remained constant for a further 20 bar pressure rise before decreasing again. It is 
believed that the plateau indicates a change in the spray structure from one with clearly 
defined boundaries and large perforations up to l nun in diameter, to a cellular structure 
with small perforations. Due to this change of break up mechanism, the initial pressure 
rise from 20 to 40 bar appeared to have little affect in changing the break up length of the 
liquid sheet. However, with further pressure rises, above 40 bar, the intact liquid sheet 
again reduced in length as break up migrated towards the nozzle ori fice. 
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Figure 5-15. Effect of injection pressure on liquid sheet break up length 
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The error bars on the measured data show the maximum and minimum of the data range 
clearly indicating significant vari ation for low pressures in comparison with the higher 
pressures. This complements the previous observation that the structure changes with 
pressure. At 10 bar the break up mechanism is relatively slow with perforations growing 
to diameters up to 1 mm prior to filament fonnation. Due to the slow nature of this process 
and the low aerodynamic forces, small differences in sheet thickness and in ternal 
disturbances can relocate the initial onset of holes by as much as 1.3mm fi·om the mean, 
equating to 25% of the break up length . At the other extreme, under 50 bar pressure high 
aerodynamic forces dominate, so small variations of sheet thickness and structure have 
very little affect in changing the break up length. Hence the relati ve deviation from the 
mean is halved to 12%. 
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Figure 5-16. Comparison of present work with another pressure swirl atomiser [150] 
The work has been compared to the results obtained by Rbim et a! [J 50) for a type of 
pressure swirl atomiser used in an oi l burner, Figure 5-1 6. There was no mention of spray 
cone angle in the work, which may differ from the pressure swirl spray used for this study 
and consequently affect sheet di sintegration caused by sheet thinning. In addition to this 
Rhim's investigation measured the break up length along the spray axis whereas the 
current study has measured the true break up length of the sheet along the cone. The spray 
axis break up length for the current work was 83% of the true break up length . Clearly the 
measured sheet break up lengths wi ll differ as shovm in Figure 5-16, however the general 
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trends are comparable. The rate of decreasing break up length with injection pressure is 
very similar, however, the structural change between 20 and 40 bar has not been observed 
with the oil burner spray. It is unclear how it is possible to measure perforation position at 
pressures as high as 120 bar due to high spray surface complexity and measurement 
difficulties experienced at pressures of 55 and 60 bar. 
5.5 Liquid Sheet Velocity and Wave Frequency 
It is evident that the surface wave structures are influential in the sheet break up process 
and possibly affect the onset of perforations, so further work aims to assess the frequency 
of these waves. Goodwin et al [ 151] conducted tests before and after chamfering the 
injector nozzle, seiies 1 and series 2 respectively. The pressure was increased from 10 to 
60 bar in 5 bar steps and the first 1 Omm of the visible spray structure was assessed. The 
camera was configured with an aperture of f5.6 and an exposure time of 0.2 J-tS to provide 
sharp image definition of the spray cone surface. 
Figure 5-1 7. Structural light intensity distribution along swface centre line 
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The light intensity distribution along the spray cone surface centre ljne was used to aid the 
wave frequency analysis as shown in Figure 5-1 7. By choosing the centTe line, sheet 
curvature effects were minimised. The image density distribution a long the centre line of 
the liquid sheet structure was interrogated to locate the light intensity vari ations due to 
di sturbances such as waves on the sheet surface. At each fuel line pressure fi ve images 
were analysed initially to provide an average wave number with in the fi rst I Omm and to 
obtain a measure of shot to shot repeatability. 
The series l and 2 results are plotted in Figure 5- I 8 showing how the spray surface 
structure changes as the fuel line pressure increases. The lower of the two plots shows the 
series I results taken before the nozzle was chamfered. As expected there are far fewer 
disturbances ident ifi ed because of the reduced fi eld of view and the fact that there are more 
disturbances in the near nozzle region. The series 2 lOmm reference grid was moved 
I .5mm closer to the nozzle. This analysis is purely observational, however, every effort 
has been made to ensure cons istent structural interpretation of the resu lts. The intensity 
contour plot helped to veri fy the locati on of disturbances, highlighted by either a peak, or a 
trough in the disttibution. Locating a surface wave was a subjective interpretation 
therefore it was important to ana lysis as many images as practically possible to minimise 
errors. 
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The simplified structural nature of the spray at low pressures, due to relatively low 
aerodynamic shear forces, allowed easier identification ofthe surface waves. lt was found 
that as the pressure increased the surface structure became progressively more complex, 
indicated by an increase in the number of waves. It is clear that the number of observed 
waves peaks at an injection pressure of 30 bar and then reduces with further increases in 
fuel line pressure. The reduction in number of surface waves does no t indicate a 
smoothing of the spray cone surface, but merely a change in the structure. 
At pressures as low as 10 bar a liquid sheet was clearly visible and the 4 separate regions, 
i. e. continuous liquid sheet, perforated sheet, filaments and droplets, could be readi ly 
defined. As the fuel line pressure and therefore the aerodynamic forces increased each of 
these regions became shorter and less defined as they moved towards the nozzle orifice. 
The wave frequency was greatest on the liquid sheet in the near nozzle region 0 - 3mm, 
whilst further downstream the frequency reduced as the smaller waves of 1 60~tm 
wavelength were damped out. As break up occurs only the longer wavelength sh·uctures 
persist. Due to the reduced length of the liquid sheet with increasing pressure, the lifetime 
of these sh01t waves is reduced, and therefore the number of sh011 wavelengths decreases. 
Another significant change was the increasing liquid mass flow as the pressure rises. It 
was not known if the liquid sheet thickness increased with pressure, which would partially 
account for a reduction of illumination. However, more importantly the surface became 
highly ruffl ed to such an extent that it was difficult to identify individual disturbances in 
the near nozzle region (first 1 mm) whils t using a 55 mm macro lens. A frequency of more 
than 10 waves per millimetre, i.e. a wavelength of less than 0. 1 mm, could not be accurately 
assessed without improved ill umination and magnification. Therefore, this analysis was 
limited to the assessment of wave periodicities in excess ofO. l mm. 
To obtain the wave frequency it was first essential to measure the liquid sheet velocity. It 
is preferabl e to use surface PlY to assess the near nozzle fl ow field however, to provide a 
quick assessment of the flow imaging was used to calculate the sheet velocity. The CCD 
camera was set to capture two frames, separated in time, on the same image. The exposure 
time was reduced to O. l ~~s to maximise image clarity whil st the fl ash/camera delay for the 
first frame was reduced to 3.9~LS, with the second delayed by a further 3 .0~lS. With the two 
exposures positioned either side of the strobe's peak light intensity profile it was possible 
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to capture the two frames with equal illumination. A typical image taken under 20 bar fuel 
line pressure is shown in the Figure 5-19. 
Using an image magnification where I pixel represented 0.015mm it was possible to 
identify wave disturbances, as shown in Figure 5-1 9, and to measure the spatial separation 
between the two exposures. The wave speed could then be calculated fi:om the time 
interval between the two exposures and the di stance travelled. Three sheet velocity 
estimates were measured for the first 3mm of the liquid sheet at equal I mm spacing and 
averaged to provide an estimated flow field velocity in the near nozzle region. 
Figure 5-19. Liquid sheet velocity estimation 
It should be emphasized that these estimates of sheet velocities are based on subjective 
image interpretation which is clearly open to en·or due to reduced image quality 
encountered with a double exposure. For the liquid flow rate under investi gation, one pixel 
difference on the image equated to 5m/s, giving a resolution error of ±5m/ s. Maximum 
variations of 15m/s over the near nozzle region, 0 - 3mm, were encountered at 60 bar, and 
a maximum of9% deviation fro m the calculated average sheet velocity. 
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The relationship between sheet velocity and fuel line pressure are plotted in Figure 5-20 
with a linear trend line constructed and a theoretical velocity based on Bemoulli for 
comparison. Based on the identifi ed possib le en·ors the trend line forms a good fi t to the 
points. It is expected that fuel line pressures of less than 1 0 bar wi ll produce a non-l inear 
region as the no-flow condition is approached. The linear relationship between injection 
pressure and fluid velocity, fo r a pressure swirl atomiser has also been observed by Alien 
et al [83]. Their study used a PIV technique to gain quantitative infonnation fo r the fluid 
flow ins ide the nozzle, which has a direct influence on the emerging liquid sheet in the 
near nozzle region. 
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Figure 5-20. Relationship between injection pressure and liquid sheet velocity 
The liquid sheet velocity and number of di sturbances in the near nozzle region allowed a 
wave frequency to be estimated. Taking the product of the velocity and the average 
number of waves in the interrogation zone, 1 Omm, the average wave frequency was 
obtained and plotted in figure 5-2 1. 
A third order polynomial has been used to highlight the trend. Due to the sma ll 
wavelength of disturbances under analysis, the estimated frequencies are significantly 
higher than those measured in previous studies by Lozano et al [ 123] and Be1thoumieu et 
al [12 1], and lie in the range 77.6k.Hz to 257.6kHz. These studies focused on planar liquid 
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sheets with eo-flowi ng high velocity airstream s, specific to gas turbine atomisers and 
considered the large scale wave stmctures created by the strong aerodynamic fo rces. It is 
evident from the plot, Figure 5-2 1, that the wave frequency increases with increasing 
injection pressure, however above 25 bar the rate slows and reaches a fixed value of 
250kHz. The rise can be attributed to the increased liquid surface structure complexity at 
high pressures and hence greater wave fi·equency. The wave frequency then plateaus as 
the di sturbance wavelength progressively decreases causing visualisation problems, while 
the liquid sheet length, which contai ns most of the disturbances, is becoming increasingly 
shorter. Once the sheet breaks up the small disturbances disappear with onl y the larger 
scale waves prevailing in the f01m of ligaments. The wave frequency continues to increase 
with higher injection pressures, even though there is a decreasing number of disturbances, 
due to the rising sheet velocity . 
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After conducting an analysis of the spray between z = 0 to 1 Omm it was concluded that 
fuliher investigation was required by splitting the length into 10 regions each of I mm, 
Figure 5-22. As expected the greatest number of waves were present over the first lmm 
and subsequently decayed unti l in the last 3mm only I wave structure was visible per 
millimetre as sheet break up had occurred by thi s point. Inten ogating each region clearly 
shows that the number of waves increases up to a pressure of 30- 35 bar and then fa lls due 
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to reduced spray visibility and as a consequence of the changing spray structure, wave to 
cell li ke structure. 
To provide further comparison of injection pressures the number of waves, as a percentage 
of the total , was calculated and plotted in Figure 5-23 . The plot indicates that at least 25% 
of the spray wave structure is contained within the first mi llimetre and over 50% within the 
first 3mm, which accounts for the large difference observed between series 1 and series 2 
results. To reiterate, seri es I data did not include the first 1.5mm of seri es 2 data due to the 
nozzle geometry and camera position. 
12 D 10 bar 
• 15 bar 
tO 0 20 bar 
0 25 bar 
U'l 8 Q) - • 30 bar 
> 
ro 
~ D 35 bar 
..... 
0 6 
.... 
<!) 
..0 
• 40 bar 
-
0 45 bar 
,... 
c 
::l • 50 bar 
z 4 -
• 55 bar 
2 - r--
0 ~IB Ma 11th .aw. 
2 3 4 5 6 7 8 9 10 
Spray region (mm) 
Figure 5-22. Number of waves per unit length with vGiying pressures 
The wave fi·equency was then calculated as befo re, assuming a constant liquid sheet 
velocity over the initial I Omm. The relationship between the wave frequency and 
downstream position from the nozzle is shown in Figure 5-24. Although there are some 
localised variations, the general trend remains consistent at all pressures; the wave 
frequency statts high and decays to a simi.lar value in all cases. Frequencies as high as 
720kHz were calculated, typically decaying to within the range 20 - 75kHz. A wave 
frequency could not be calculated for I 0 bar injection pressure between 9 and lOmm due to 
the reduced spray penetration. Over a distance of I Omm, the wave frequency reduced to 3 
- 11 .8% of the initial frequency. This indicates that the small waves at the nozzle orifice 
disappear as the large waves dominate and lead to the disintegration of the liquid sheet. 
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The relationship between injection pressure and wave frequency in different regions of the 
spray cone is shown in Figure 5-25. The plots can be split into 2 distinct categories, those 
which show significant rate changes and those which are more gradual. In the fi.rst 4mm of 
the spray cone the wave frequency increases rapidly at first with injection pressure and 
then slows down after 25 bar before increasing again at 45 bar. Further downstream these 
changes are not observed as wave frequency gradually increases with inj ection pressure. 
An initial theory for this behaviour is the change of break up mechanism, previously 
mentioned, which has a significant affect in the near nozzle region, 0 - 5mm, i.e. the liquid 
sheet, and less of an affect further downstream on the filaments/droplets. 
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Figure 5-25. Effect a,[ injection pressure on wave frequency 
5.6 Drop Sizing and Velocity Field in the Near Nozzle Region 
The previous spray analysis, of penetration, cone angle and liquid break up mechanism has 
consisted mainly of qualitative data, through image interpretation. Fmther to this work, the 
near nozzle region of the pressure-swirl spray was investigated quantitatively, using LDA 
and PDA, to focus on the first 5mm of the spray [ 143, 144, 152]. Although many studies 
have used the LDA/PDA technique to study the spray characteristics of a pressure swirl 
spray [153, 154, 155], few have focused on the near nozzle region. The injection pressure 
was set at 50 bar and LDA and PDA measurements were taken in axial steps of 0.5mm, 
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starting 0.5mm below the nozzle, to provide droplet velocity and size infonnation 
respecti vely. At each axial position, radial scans were ini tiated from the spray ax is through 
the nozzle orifice and traversed in 0. 1 mm steps until the data rate dropped significantly, 
indicating the spray edge. From 2.5mm - 5.0mm the spray had dispersed suffi ciently to 
a llow traversing in steps of0.2mm in the spray centre, while reverting back to 0. 1 mm steps 
on location of the liquid sheet. 
At each measurement position in the spray, 20000 validated data samples were taken or in 
regions oflow droplet concentrations, an elapsed time of 125 seconds was reached to cover 
l 000 injections. The radial limit of the spray was defined as the next pos ition after which 
' ti me out ' occurred. Velocity and drop size information were displayed as discrete scatter 
plots of each individual sample versus time after the injector electronic trigger. Sector 
sizes of 40ps were used to time bin average the data to produce ti me varyi ng mean profi les 
of ax ial and radia l velocity, drop size and sample number. When the data processing had 
been completed, the time averaged mean data an ay was coll ated for the whole 
measurement grid to provide vector and scalar field plots showing the spati al development 
of the droplet field as a function of time. 
Time 0.50ms Time 0.58ms 
80 m/s ~ 80 m/s ~ 
lOJ.1 0 10 Jl 0 
Figure 5-26. Velocity and droplet size.fie/d plots for the pre-swirl spray 
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Acquiring data in the near nozzle region proved diffi cult in places, especially in the first 1-
2mm of the spray, due to the presence oflarge liquid elements, in the fonn of a liquid jet in 
the earl y phases, and a continuous liquid sheet later on. Higher mean velocities and 
sample number counts were recorded whilst using LOA alone as there was no drop size 
discrimination, allowing for higher validation and hence measurement of the larger fluid 
elements with higher momentum. The collected LOA and POA data was di splayed 
graphically, together with the relevant spray images to quantitatively indicate the velocity 
and drop size fields at various temporal points throughout the injection. The two images 
shown in Figure 5-26 show the initial stages of the injection, i.e. the pre-swirl spray, taken 
at 0.50ms and 0.58ms after SOl. On one side of the image, velocity vectors have been 
overlaid and on the opposite side droplet sizes are indicated, centred on the specific 
measurement position. Although the images show very little structural detail, they provide 
spray shape info rmation at the specific point of data collection. 
lt was clear that the central pa11 of the spray moves with the greatest velocity, 
approximately 80m/s, and the largest ' droplets' or fluid elements, with the highest 
momentum are located in the same posi tion. The LOA system was able to measure the 
smaller droplets, 5).lm in di ameter, on the spray periphery that the imaging was unable to 
detect due to the resolution of the system and the low droplet density in thi s region. The 
fl at velocity profil e in the spray centre is seen to expand with time, extending from a 
diameter of 0.8 to 1.2mm between the two frames, 0.50 and 0.58ms respectively. After 
this point the spray cone starts to develop with the larger droplets and hence region of 
maximum velocity progressively moving out from the spray centre. 
The images show a lack of qualitative data in the most optically dense par1 of the spray, 
clearly visible as a white region just downstream of the nozzle orifice. This data ' dead 
zone' propagates downstream with time from 1.5mm to 3.0mm with a diameter reachi ng 
0.8mm. Two reasons for this occuning are the high spray density not allowing light 
through for detection and the fact that there are very few, if any, droplets present in this 
region fo r detection. It can be assumed that the large 'droplets', in excess of 30).lm, 
measured near the spray centre are drops that have just detached from the liquid jet/sheet 
and are by no means spherical in shape. The droplets just one radial measurement position 
out, 0.1 mm from the large drops have reduced in size by some 70% indicating a very high 
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shear layer acting to atomise the liquid fuel. The associated velocities are also 
significantly lower due to the reduced momentum of these smaller droplets. 
Time 0.70ms Time 0.98ms 
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Figure 5-27. Velocity and droplet size field plots/01' the developing spray cone 
The spray cone has established itself after a time of 0.7ms, which is shown in Figure 5-27. 
For the purpose of these frames the image has been split into two parts, the upper part 
showing the entire spray and the lower showing only the spray cone by using an intensity 
threshold to omit all other areas of lower intensity. This allowed the location of drop sizes 
and velocities to be referenced relative to the spray cone. It is evident that the largest 
droplets and velocities are located in the same position on the inside edge of the spray 
cone. This indicates the presence of high shear forces on the outer edge acting to disturb 
and break up the liquid sheet whil st the inner edge is less affected because of the lower 
pressure present inside the spray cone and hence few droplets exist on the inside. These 
inner droplets are typically less than Sf.lm in diameter and due to their lack of momentum 
fonn a re-circulation zone centred just over 4mm downstream of the injector orifice. This 
is evident at 1.40ms just prior to the collapse of the cone as shown in Figure 5-28. 
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80m/s +-- 80 m/s +-
10 ~ 0 10 f.' 0 
Figure 5-28. Velocity and droplet size.field plots.for the end o,(injection 
The flow significantly changes between 1.40ms and 1.50ms, with the re-circulation zone 
coll apsing and a new one fann ing I mm downstream of the 01ifice. The velocity profile 
across the spray cone relaxes and the larger drop diameters reduce close to the nozzle. The 
behaviour of the spray at this point in time indicates the end of inject ion, wi th the needle 
almost in the closed position and restri cting the fuel flow through the orifice. 
Page 136 
~ ~ - --------------
Chapter 5. Pressure-Swirl Spray 
Observation Explanation 
The average fuel flow rate from the The Bosch flow rate tube will be required to 
pressure-swirl injector ranges from assess the transient flow rate through the 
36.2mg/s (lObar, 0.85ms injection) to nozzle over the injection period. 
434mg/s (50 bar, 4.5ms) 
Penetration ratio (50 bar: 10 bar) for the High injection pressures promote faster 
pre-swirl spray reduces rapidly up to 0.7ms break up and hence greater drag forces 
and then stabilises at 2.2:1 for the decelerate the spray quicker than low 
remainder. pressure injection. 
Penetration ratio for the spray cone reduces Increased drag of the spray cone, due to a 
throughout the injection and is lower than large surface area, leads to a lower spray 
that of the pre-swirl . penetration. 
Spray cone develops at the same rate for all The openmg of the valve may cause 
pressures and overshoots by 6-9% before pressure waves which influence the spray 
reaching a steady state of 67°. cone development and cause the flapp ing 
motion. 
4 distinct regions have been identified The length of these regions reduce with 
within lOrnm of the GDI nozzle orifice, increasing pressure due to the accelerated 
continuous liquid sheet, perforated sheet, break up, i. e. reduced break up length, in the 
filament development, and finally droplet presence of higher aerodynamic forces. 
formation 
Based on an estimated sheet velocity range Wave frequency mcreases due to the 
of 40 - 1 08rnfs, the surface wave frequency increased aerodynamic forces with higher 
increased with injection pressure with 25% injection pressures. Smaller waves in first 
contained within the first lmm. lmm appear to be damped further 
downstream. 
Using LDNPDA, the largest velocities and High shear forces on the outer edge disturb 
droplets are located in the same position, on and break up the liquid sheet, whilst the 
the inside edge of the spray cone. 
Table 1. Summary of pressure-swirl data 
inner edge is less affected due to the lower 
pressure inside the spray cone. 
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6.0 Transient Flat Liquid Sheets 
The rotary valve, described in chapter 4, has been used to investigate the dynamic 
behaviour of various liquid sheets (Appendices 6, 7 and 8), of typical dimensions 30mm x 
0. 15mm, in the fuel pressure range I 0 - 50 bar. Sheet divergence of 20° and 30° has been 
simulated to promote the sheet stretching effects of a pressure swirl spray. 
6.1 Fuel Flow Rate and Pressure Fluctuations 
To assess the perfonnance characteristics of the rotary valve, the 20° nozzle was 
configured, and injected fuel mass and transient pressure was measured. The average 
injected fuel mass and fuel flow rate was calculated over 50 injections, showing good 
linear agreement in the fuel pressure range 10 - 50 bar, Figure 6-1. Tn comparison to the 
pressure-swirl injector, which injects a maximum fuel mass of 54mg under a pressure of 50 
bar and injection duration of 4.5ms; the rotary valve can deliver 15 times the quantity 
under the same pressure. 
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Figure 6-1 . (a) l njectedfitel mass and (b) fuel .flow rate through the 20° nozzle 
Transient pressure traces were captured using a Kistler Type 6123 pressure transducer and 
a Gould DataSYS 900 Series digital oscilloscope over the pressure range 10-50 bar, Figure 
6-2. The pressure traces clearly show the presence of a large fuel pressure drop from the 
steady state condition at the valve opening event. The pressure drop and eventual rise once 
the valve closes is more abrupt under higher pressures. It is believed that at lower 
pressures the leakage has greater relati ve significance on the fuel line pressure and 
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therefore creates a 'smoothing' of the pressure drop. The pressure drop data has been 
displayed as a function of injection pressure in Figure 6-3. The pressure drop appears to 
follow a second order relationship and it is anticipated that this will peak for further 
increases of injection pressure. It is shown in Figure 6.3b that minimum nozzle efficiency 
occurs under an injection pressure of 30 bar, where the pressure drop accounts for almost 
60% of the total pressure. Further increases of fuel line pressure should allow the nozzle to 
operate more efficiently. 
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Figure 6-2. Transient pressure .fluctuations in the fuel line 
Once the valve has closed there is evidence of further pressure fl uctuations in the fuel line. 
These occur at the same temporal position at all fuel line pressures and can be attributed to 
the intemal archjtecture of the rotary valve. The oscill ation frequency of these pressure 
waves is 59.26Hz. 
Although the oscillation frequency is constant, the ri se time back to steady state pressure 
does vary with fuel line pressure. Under 10 bar, the fuel line pressure returns to steady 
state within 40ms of the valve closing, however, at higher pressures, 40 bar, it can take in 
excess of l60ms. The increased temporal pressure stabilisation of the system is directly 
related to the difference of pressure drop between the two operating pressures, I 0 and 40 
bar, of 5.6 times. These transient pressure traces are inherent of the rotary va lve design, 
and the large pressure drops are unavoidable. However, with further developments to the 
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valve design it should be possible to operate at higher pressures, therefore minimising the 
relative effect of these pressure drops. 
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Figure 6-3. Pressure drop due to the valve opening event 
6.2 Break-up Mechanism of a lSO~m Thick Sheet 
~· ~ / "-. 
20 40 60 
Injection Pressure (bar) 
The previously described imaging technique, in chapter 4, was applied to capture the 
temporal development of the flat liquid sheet and allow a detailed assessment of the break 
up mechanism. 
To eliminate edge effects, which are not present on a conical sheet, only the central 1 Omm 
of the flat liquid sheet images was studied. A datum time was chosen, just prior to the 
emergence ofliquid from the slot, with subsequent linage times referenced to this datum in 
1 ms steps until the end of injection as shown in Figure 6-4. The 10 x 1 Omm scale 
illustrates a field of view of approximately 60 x 1 OOmm, providing pixel resolution of 
79!-lm. 
During the initial lms, the emerging parallel liquid sheet i.s highly turbulent as the high 
pressure fuel interacts with the static fue l inside the nozzle orifice, approximately 250mm3 
by vo lume, left over from the previous injection. As the spray tip penetrates further, 
ligaments and perforations fonn at the leading edge with the flat liquid sheet following 
behind. The liquid sheet was considered to be most stable at a time of 5ms, just prior to 
the valve closing. In the near nozzle region the stable sheet exhibits fine latera l waves with 
a wavelength estimated at 0.3mrn, similar to those observed by Hashimoto [1 17] for a thin 
liquid sheet in a cocurrent gas stream and by Heukelbach and Tropea [1 56] for turbulent 
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sheet. These decay over the first I Omm o f the sheet while orthogonal waves propagate 
further downstream and, in some cases, fonn vertical ligaments. 
Glid I Ox I Omm Jms 2ms Jms 
Figure 6-4. Development of parallel liquid sheet under 20 bar injection pressure 
Simultaneous image pairs of the sheet surface and cross-section, shown in Figure 6-5 and 
Appendices 6, 7 and 8, illustrate a change in liquid sheet structure w ith injection pressure. 
Under an injection pressure of l 0 bar, there are two distinct regions, the turbulent spray tip 
at the leading edge and stable liquid sheet behind. At the higher pressure of 30 bar, the 
large scale waviness of the sheet viewed from the side disappears as the mass flow and 
hence sheet velocity increases. As the injection pressure increases it is clear that 
aerodynamic shear forces play an increasing role in the break up of the liquid sheet. The 
number of perforations in the sheet increases and the surface wave structures become more 
complex downstrean1 from 50mm. 
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It was fo und that the ana lysis of a mean sheet image, built up from 5 s ingle shot images at 
each test condition were sufficient to provide consistent estimates of sheet penetration and 
break up length. The analysis of I 0 images showed a maximum variation of 6% compared 
with the 5 image average. Shot to shot valiations at the highest pressures accounted for a 
max imum of 8% of the totaJ sheet penetration, and measurement errors were ±79J..lm based 
on image resolution. 
Grid 1 Ox l Omm 
Figure 6-5. Liquid sheet 5ms after SOl at 10 (left) and 30 bar (right) injection pressure 
6.2.1 Parallel Liquid Sheet 
To logically analyse the behavio ur of the liquid sheets the parallel sheet was assessed first, 
followed by the divergent sheets to allow comparisons. For each liquid sheet; penetration, 
perforation and sheet velocity data are displayed. 
The temporal sheet penetration from all three nozzles follows a well defi ned linear 
relationship at all pressures. The gradients of these sheet penetration plots, Figure 6-6a, 
were measured to provide estimated liquid sheet velocities which were subsequently 
plotted against injection pressure in Figure 6-6c. As expected the sheet velocity increases 
with injection pressure as measured at the rotary valve inlet. The large pressure loss across 
the nozzle orifice leads to experimental liquid sheet velocities of only 30-40% of the 
theoretical values calculated using the Bernoulli equation, which assumes the measured 
static pressure is equal to dynamic pressure through the nozzle. For the parall el liquid 
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sheet, tip velocities of 34m/s have been attained. Further investigations have assessed the 
global sheet veloci ty and surface structure using a PlY technique and LDA. 
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Figure 6-6. Temporal sheet penetration and pe1foration onset length o.f parallel sheet 
The on-set of perforations was defined as the length measured from the nozzle exit to the 
top edge location of the first hole in the liquid sheet and each data point was an average of 
5 images. The temporaJ development of these perforati ons, Figure 6-6b, indicates that the 
perforations steadily move away from the nozzle throughout the injection process at all 
injection pressures. Towards the end of injection the gradients of these p lots reduce 
indicating that the liquid sheet velocity is decreasing and/or a stationruy break up length is 
approaching. For more conclusive results and a consistent break up length, the analysis of 
a longer injection duration would be required. Sheet stretching which has a destabilising 
effect is absent in the case of the parallel liquid sheet, so the on-set of perforations is 
delayed. It can be assumed that break up will be mainJy due to internal turbulence and 
aerodynamic effects, and hence for these relatively low injection pressures, stationruy 
break-up lengths have not been observed in the specified time of 7ms as full sheet 
development has not occuned, i.e. the sheet is transient. In the analysed injection pressure 
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range the liquid sheet appears to be stable with most of the break up occun ing in the 
turb ulent leading edge. 
The data in 6-6d, showing perforation onset lengths at discrete times, have a 2-3ms gap in 
the results as perforations do not develop immediately. All the plots peak between 20 and 
25 bar injection pressure and subsequently the perforation onset length reduces with fut1her 
increases of injection pressure. It is believed that above 20 bar aerodynamic shear to rces 
beg in to dominate tbe break up process destClbilising the liquid sheet. The onset of holes in 
the sheet, moves towards the nozzle with additional pressure rises; a trend also observed 
with the GDl pressure-swirl spray. The reduction of perforation on-set length as a 
percentage, between peak (20-25m/s) and 33m/s, is more significant duting the earlier 
stages of injection. At a discrete time of 3ms the perforation length reduces by 22% when 
the velocity is increased by approximately I Om/s, compared to 10% at the end of injection, 
7ms. This can be attributed to the reduction of injection pressure as the valve closes, at a 
time of 5.1 ms, and hence a reduction of sheet velocity, leading to a liquid sheet less 
susceptible to perforation development. 
6.2.2 Divergent Liquid Sheets 
The same analysis was conducted for the 20 and 30 degree di vergent liquid sheets and 
similar observations were made on sheet penetration and perforation on-set length. The 
temporal sheet penetrations were consistently linear, Figure 6-7a and 6-8a; 20° and 30° 
respectively, however there were penetration variations between the different nozzle 
geometries for a given injection pressure. This was apparent when the tip velocities were 
calculated and plotted against injection pressure, Figures 6-6c, 6-7c and 6-8c. 
As expected the parallel liquid sheet produced a faster moving leading edge at any given 
injection pressure. Spreading the liquid, using di vergent nozzles, increased the exit area 
and hence lead to a decrease in sheet velocity. At low injection pressures, I 0 bar, there 
was a 23% difference between the parallel sheet velocity and the 20 degree divergent 
sheet, however, based on conservation of mass flow the difference should only be 13%. 
The liquid sheet emitted from the 30 degree divergent nozzle was only 8% slower than tJ1at 
of the parallel sheet, whereas conservation of mass flow indicates this should be 19%. 
This difference can be attributed to the fact that the liquid sheet flow did no t follow the 30 
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degree nozzle angle at low injection pressures since the lateral force is too small . This 
meant the exit area occupied by the liquid was smaller than expected and hence the 
velocity was higher. As the injection pressure was increased to 35 bar the variation in 
leading edge velocities from the expected values reduced to less than 1 0% for both 
divergent nozzles. 
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Figure 6-7. Temporal sheet penetration and perforation onset length of 20° liquid sheet 
The on-set of perforations developed j n much the same way for all the nozzJe 
configurations, Figures 6-7b & d and 6-8b & d. The 30 degree liquid sheet , Figure 6-8d, 
shows a well defined spatial peak in the same velocity region as the parallel sheet, 20 -
25m/s. This peak is not so obvious for the 20 degree sheet, Figure 6-7d, however the 
initial increase of perforation on-set length up to 20m/s is still present, after which the on-
set length is largely unaffected with further velocity increases. 
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Figure 6-8. Temporal sheet penetration and pe1joration onset length of 30° liquid sheet 
Comparing the parallel and divergent sheets, Figure 6-9, it is clear that stretching the sheet 
laterally affects the position for the onset of perforations. At velocities above 25m/s the 
onset position of holes in the sheet can be as much as 30% different between the parallel 
and divergent sheets. For low injection velocities the differences are not so great, in part 
due to the lack of divergence previously mentioned whilst using the 30 degree nozzle, and 
also the dominance of surface tension forces delaying break-up. The second plot, Figure 6-
9b, shows very clearly the affect of sheet stretching at a liquid sheet velocity of 16m/s, and 
as expected the distance from the nozzle to the on-set of perforations reduces for larger 
sheet divergence angles. However, between 20 and 30m/s in Figure 6-9a it is evident that 
this relationship does not follow. There is clear evidence from the imaging study that the 
liquid did not diverge at 30 degrees for all the test conditions. This Jack of divergence has 
caused a delay in the on-set of perforations and hence accounts for the unexpected 
positioning of the 30 degree plot. 
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Figure 6-9. (a) Liquid sheets at 4ms after SOl, and (b) sheet velocity of 16m/s 
As the injection pressure is increased sheet stretching is more effective and aerodynamic 
forces are more influential in the break-up process, Figure 6-1 0. The non-dimensional 
perforation onset length with total penetration is a good indication of the break up 
effectiveness. As the sheet velocity was increased the ratio of perforation on-set length to 
total penetration rapidly reduced in all cases by 40%. This shows that the leading edge 
penetration increases at a greater rate than the downstream movement of perfo rations. As 
the sheet velocity is increased the break-up region occupies a greater proportion of the 
spray. With further velocity increases the perforation/penetration ratio would continue its 
downward trend at an increasing rate as the perforations start to move towards the nozzle 
orifice, i.e. earlier break up. It is anticipated that the ratio would approach a value close to 
zero at signifi cantly higher sheet velocities. At these high velocities the penetration would 
in fact reach a maximum as the leading edge would no longer be continuous, but consist of 
droplets with less momentum and more aerodynamic drag. The perforations however 
would continue to develop earlier. 
A highly important parameter is the liquid sheet thickness at break-up, due to its sb:ong 
influence on the final droplet size distribution. With a knowledge of the onset of 
perforations and the geometry of the liquid sheet it was possible to calculate the sheet 
thickness at the point of interest, Figure 6-1 1. A sample sheet thickness calculation is 
shown in Appendix 9. The 20° and 30° divergent liquid sheets fo llow the same temporal 
trend; the thickness of the liquid sheet at the perforation onset point decreases throughout 
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the injection cycle, 2-7ms, from 115 to 59pm and 98 to 48pm respectively. This is due to 
the transient nature of the resu lting liquid sheet. 
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Figure 6-10. Effect o.f sheet velocity on pe1:{oration development a/ ]ms C{(ter SOl 
In the initial stages of injection, 0-2ms, break-up was not observed, however when 
perforations do develop at 2ms after SOl , their development is with in 26mm of the 
turbulent lead ing edge at a point when maximum sheet veloci ties are present as will be 
shown later with the PlY results. This strongly indicates that sheet stretching alone is not 
responsible for the development of perforati ons in the sheet, however, it is a combination 
of aerodynamic forces, internal turbulence, and sheet thinning, influenced by surface 
tension and liquid viscosity. As the sheet develops the velocity drops and the lead ing edge 
moves fu t1her away from the break-up zone, over 35mm, therefore the influence of 
aerodynamic and intemal turbulent fo rces decrease respectively. ft can therefo re be 
assumed that the values of sheet thickness at a time of 5-6ms after SOJ, which li e in the 
range 56 - 88pm are more applicable to the sheet stretching phenomenon of the divergent 
Liquid sheet. After this point the valve has closed and the sheet will start to thin due to a 
reduction of liquid mass flow. 
Comparing the 20° and 30° divergent sheets, Figure 6-1 l , there is an estimated sheet 
thickness variation of20pm throughout the entire injection. Perforations genera ll y occur at 
the same distance downstream from the nozzle, but the increased di vergence of the 30° 
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sheet leads to a thinner theoretical sheet thickness at the break-up point. As the 30° 
divergent sheet did not follow the divergence angle at all liquid pressures, the estimated 
sheet thickness is lower than expected. The sheet thickness at break-up should be the same 
for a given injection condition, regardless of divergence angle, however the position of 
perforation onset would move towards the nozzle at higher divergent angles. 
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The investigation of the transient ISO pm thick liquid sheet has identified the behaviour of 
perforation development with time and sheet velocity. A summary of the discussed data is 
presented in Table 1. 
Observation Explanation 
Maximum sheet velocity attai ned was Pressure loss across the nozzle is too great 
36m/s to increase sheet velocity further. 
Perforation onset length peaks between 20 Indicates that above 20 bar aerodynamic 
and 25 bar , and then reduces with further forces dominate the break up process 
pressure mcreases. 
Parallel liquid sheet produced a faster Spreading of the liquid, usmg divergent 
moving leading edge at any given injection nozzles, increased the exit area and hence 
pressure decreased the sheet velocity. 
Stretching the sheet laterally affected the The thinning of the liquid sheet has a 
position for perforation onset by as much as destabilising effect, helping to accelerate 
30% at the higher velocities. the break up process. 
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Perforation onset length to total penetration Downstream movement of perforations is 
ratio reduces in all cases by 40% over the much slower than the leading edge, i.e. as 
pressure range 10 - 50 bar. the velocity IS increased, the break up 
region occupies a greater propmiion of the 
spray. 
Perforation/Penetration ratio is expected to High velocities and hence greater 
reduce further with further increases 111 
liquid sheet velocity. 
Sheet th ickness at perforation onset point: 
20° sheet: I 1 5 - 59j.lm 
30° sheet: 98 - 48f.lm 
aerodynamic fo rces will cause break up to 
occur sooner, therefore perforati ons wi ll 
be initiated closer to the nozzle. 
Sheet thi ckness at perfo ration onset point 
reduces throughout injection as the 
aerodynamic and turbulent forces reduce. 
Table l. Summary of data for l 50 ~tm thick liquid sheet 
6.3 Empirical Relationships for Sheet Breal< Up 
The main purpose of studying a simplified 2-dimensional transient liqu id sheet is to 
improve the understanding of the sheet break up process. To advance the fuel injection 
process further the de1ivation of empirical relationships for sheet break up are important as 
these indicate the dominating parameters in the atomisati on process. Refined empirica l 
relationships can also be used in computer codes to allow more accurate spray modelling, 
essential for future developments. 
To allow the derivation of any empirical formulae, the non-dimensional perforation on set 
data has been displayed against Reynolds number, using the sheet thickness as the 
characteristic length and liquid prope1ty va lues used by Kubo et al [45] . Based on the 
sheet velocity range of approx imately 12 - 36m/s, the calculated Reynolds number range 
was 800 - 2400 and the con·esponding Weber number lay between 715 and 6437. Due to 
the transient nature of the spray, the derivati on of an empirical relationship proved 
challenging, especiall y as the peiforation data of the parallel and 20° sheet changed from 
fo1lowing a square relationship for 3, 4 and 5ms, to a cub ic thereafter. This can be 
attributed in part to the closing of the valve at 5ms. Analysis was confined to the fonner 
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stages of the spray development, 3, 4, and 5ms, which followed a square relationship for 
the 0° and 20° sheets, and cubic for 30° divergence. 
The overall aim was to derive an empirical relationship for each liquid sheet, relating 
perforation onset length to flow Reynolds number and time. To achieve this, a second 
order polynomial was fitted to each data set as shown in Figures 6-1 2, 6-13 and 6-14. The 
coefficients of these functions were then assessed with respect to time, with the view of 
linking the different data sets. As a starting point the mean value was used for the function 
constant. 
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For the parallel liquid sheet it was not possible to obtain a universal function which 
satisfied all three data sets, Figure 6-12, however, small alterations to the derived function 
provided good agreement with the experimental data: 
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4ms: 
5ms: 
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Where, lp is the perforation onset length, t5 is the sheet thickness at the orifi ce, Re is 
Reynolds number using nozzle width as the characteristic length, and t is time in 
milliseconds. A more successful function was derived for the 20° liquid sheet which 
satisfied all three data sets as shown in Figure 6- 13: 
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The same approach was adopted for the 30° divergent liquid sheet, Figure 6-14. However, 
it was not possible to derive a single expression to satisfy all the data sets, and as for the 
parallel liquid sheet, three functions were derived. For the 30° sheet the data followed a 
third order relationship, so the functions differed to those previously. When the data was 
collected it was observed that the liquid sheet did not accurately follow the 30° divergence 
angle at all conditions due to surface tension effects and low lateral forces. This is thought 
to have affected the position of perforations, and may explain the difference of polynomial 
function compared to the other sheets. The following functions have been derived: 
3ms: 
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4ms: 
5ms: 
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Figure 6-14. Empirical relationship for 30° liquid sheet 
These functions are only valid over the investigated injection pressure range 10 - 50 bar, or 
Reynolds number range 800 - 2400. Further work is required to allow the development of 
one empirical function which applies to all liquid sheet geometries relating the onset of 
perforations to sheet stretching as well as Reynolds number and time. With such a 
relationship, it may be possible to predict the initiation of break up for higher injection 
pressures. 
6.4 200J..I.m Liquid Sheet 
The same nozzles which were used to produce the 1 5 0~tm thick liquid sheet, were 
reconfigured using 50)..ltn shims to produce a liquid sheet of 200~tm thickness. The data 
presented in Figure 6-15 compares the liquid sheet velocities of the two sheets. As 
expected whilst investigating the parallel sheet, the wider slot has, at most, caused a 16% 
drop in the liquid sheet velocity. The 20° and 30° divergent sheets defuse the effect ofthe 
larger slot and hence the difference between the sheet velocities is smaller. 
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Figure 6-16. Effect o.fsheet velocity on pe1:{oration development at 3ms after SO! 
The perforation/penetration ratio of the 200)1m sheet was calculated at a time of 3ms after 
SOl and plotted against liquid sheet velocity, Figure 6- J 6, to al low di rect compari son with 
the l 50)1m sheet. lt was clear that whereas perforati ons had developed in the 150)1m sheet 
over the velocity range I 5-20m/s by a time of 3rns, the extra thickness of the 200)1m sheet 
delayed thei r development fo r a fu rther Lms. Although delaying the temporal onset of 
perforations, the development location was similar to that of the thinner sheet. As before 
the plots show a downward trend in perforation/penetration ratio as the liquid sheet 
velocity is increased, however, the curve for the 30° divergent sheet is unexpectedly 
located above the 20° sheet, imply ing that perforations develop later. rt is beli eved that the 
increased nozzle width prevented the full development of the 30° liqu id sheet and hence 
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lateral sheet stretching was less effective. As the liquid sheet velocity is increased the 30° 
curve approaches the 20° curve as the liquid begins to fill the entire nozzle geometry. 
The sheet thickness at the onset of perforations was calculated as before, Figure 6-17 and 
again showed a reduction throughout the injection cycle. The plots show that the sheet 
thickness at break up of the 200pm sheet is up to 25% greater than that of the 150pm sheet 
indicating that sheet stretching is not dominating break-up. Further work will be required 
to gain a clear understanding of the affects of liquid sheet thickness. 
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Figure 6-17. Liquid sheet thic/mess at petforation. on-set for 20° & 30° divergent sheets 
6.5 Liquid Sheet Velocity Measurement using PIV 
PIV flow fields showing the axial velocity for each test condition were obtained using an 
average of 10 separate injections, Appendices 10, 11 and 12. As with previous analysis of 
the liquid sheet central section, the centreline was chosen to produce velocity profile plots 
in the vertical direction. To check for off-axis velocity deviations two profiles offset by 
2mm intervals were taken either side of the centreline, Figure 6-18. Maximum velocity 
variation of 11% can be seen to occur at the 40mm axial position for thi s particular test 
condition. In this region slow moving drops sun·ounding the liquid sheet can cause these 
small deviations over the central section, however, the plots clearly show that variation at 
the nozzle and spray tip is minimal, and subsequent analysis was undertaken using 
centreline velocity profiles. 
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Figure 6-18. Five velocity profiles taken along the spray centreline region. 
Velocity profiles for the three configurations; parallel, 20°, and 30° liquid sheets, under 10, 
20 and 30 bar injection pressures, were taken at 1 ms intervals to capture the enti re 
injection, Appendices l 3 - 21. The spray development for all the confi gurations ex.hjbited 
simi lar characteristics with respect to the velocity field, Appendix 22, so results from the 
20° liquid sheet will be used as typical examples. The temporal exit velocity of the liquid 
sheet is shown in Figure 6-19. During the initial stages of inj ection, the fust mill isecond, 
high velocities are found at the otifice due to a high initial fuel line pressure and a small 
nozzle slit opening of390pm. By 2ms after SOI the exit velocity is decreasing rapid ly, at a 
rate of 5000 - 5700m/s2, for the 20° liquid sheet, which conti nues until 3ms. Over this 
period the slit valve reaches the maximum opening of lmm at 2.5ms, causing the largest 
pressure drop. Once the valve begins to close the sheet velocity stabil ises between 3 and 
4ms as the drop in line pressure is counteracted by the decreasing nozzle area. This period 
of relative stability is sh01t-lived and the exjting liquid sheet decelerates fmther between 4 
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and 5ms as the valve nears closing . Liquid mass flow rates drop to 0.0 18 1, 0.0242, and 
0.0325kg/s for injection pressures LO, 20 and 30 bar respectively. The valve closes at 
5.1 ms causing fm1her deceleration of the liquid, averaging 5175m/s2. A lthough 5.1 ms is 
the known end of injection, i.e. the valve has just closed, fuel continues to flow for a 
fUJ1her 2ms due to a valve-orifice distance of llmm. The decreasing liquid sheet axial 
velocity also indicates that sheet stretching occurs along the spray axis in addition to the 
lateral stretching of the divergent sheets. 
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The tip of the liquid sheet is less susceptible to velocity fluctuations tlu·oughout the 
injection cycle, Figure 6-20. ln general, the tip velocity increases over the first 2ms of 
injection with accelerations of up to 3000m/s2 for the 20° configuration. This acceleration 
occurs partly due to the initial presence of static fuel inside the nozzle orifice, hindering the 
progress of the jet. As the valve starts to open the static fuel is accelerated from rest over a 
period of 2ms causing the fonnation of a highly complex and turbulent leading edge flow. 
This is clearly observed from the simultaneous front and side images which show a very 
dark region up to 5nun thick at the beginning of injection, lms, indicating a complex flow 
structure. The tip velocity subsequently peaks between 2ms and 3ms at the time of 
maximum valve open. After thi s point there is a gradual deceleration of the tip, 51 1 m/s2 
fo r the 10 bar case, caused by aerodynamic drag on the liquid mass. Under injection 
pressures of 20 and 30 bar it was not possible to measure tip velocity after 5ms and 4ms 
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respectively as the tip left the camera's field of view, at z = I 03mm. Data points after 
these times indicate the sheet velocity at 1 03mm, reflecting the sheet velocity upstream of 
the tip, and hence infer higher deceleration. There is very good correlation between the 
averaged PIV tip velocity results and the previously measured tip velocities (Figure 6. 7c) 
based on temporal penetration. At 20 bar injection pressure there is 2.3% variation and at 
worst, 30 bar, the variation is 10. 1 %. 
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Figure 6-20. Temp oral liquid sheet tip veLocity for 20° configuration 
6.6 Velocity Measurement using LDA 
Further to the PIV measurements, Laser Doppler Anemometry, LOA, was applied to the 
liquid sheet to assess the point wise temporal axial flow velocities, Appendix 23, and 
verify the PIV results. As discussed in the experimental procedure, scans were conducted 
perpendicular to the liquid sheet at 6 locations downstream of the nozzle orifice, 1 0, 20, 
30, 50, 75, and 1 OOmm. One nozzle was investigated, namely the 20° divergent slot, under 
an injection pressure of 30 bar. The location of peak velocity from the radial scans was 
used to plot the first 4 axial position velocity profiles as shown in F igure 6-21. It is 
assumed that peak velocity relates to the hjgh momentum of the liquid sheet and therefore 
represents the velocity of the sheet. The lOmm axial position exhibits a comparable exit 
velocity profile to that measured using PlV, Figure 6-1 9. Initially there is a sharp decrease 
in the sheet velocity as the valve opens and passes the wide open point, after which the 
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velocity almost stabilises before the valve closing leads to a further deceleration of the 
liquid sheet. The temporal slowing of the liquid sheet is observed at all axial positions. 
The 75 and I OOmm axial positions have not been plotted as the flapping motion of the 
liquid sheet further downstream made it difficu lt to locate the point of maximum velocity. 
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To allow an effective analysis of the LOA veloci ty data, specific time sectors during the 
flow time history were investigated between 2 and 7ms after the pre-defined start of 
injection, Appendix 24. 
Focusing on the time just after the valve fu ll open event, 3ms, Figure 6-22, there were 
several observations conceming the nature of the liquid sheet and the ability to apply the 
LOA technique to the flow . The near nozzle velocities have been plotted together with the 
LDA sample number. The peak velocity at all three locations, l 0, 20 and 30mm, occurs 
2mm off the 'spray axis'. The spray axis was defined as a vertical \ine through the centre 
of the nozzle slit. This peak velocity was accompanied by a drop in sample number at the 
same location. Th.is strongly indicates that this was the location of the liquid sheet, which 
consists of large fluid elements of high momentum, and hence maximum velocity. The 
absence of smaller droplets at this location reduced the sample count by as much as 40%. 
There is a large shear layer up to 2mm either side of this location as the droplet velocity 
decreases rapid ly towards the spray periphery. lt is plausible that the presence of this large 
shear layer promotes break up from the surface of the liquid sheet, fonn ing smaller 
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droplets, leading to the observed ri se in the number of samples. The presence of more 
droplets at the spray periphery is clearly visib le from the side views of the sheet shown in 
Figure 6-23 . 
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Figure 6-22. Flow field in the near nozzle region at 3ms after SO! 
The observed spray offset from the 'spray axis' is also visib le from the temporal side 
images of the liquid sheet, Figure 6-23. Due to the brass nozzle slit geometry, 5° 
convergence on one side and 1° on the other, the liquid sheet did not exi t the slit in the 
vertical direction. Based on thj s spray behaviour and positional inaccuracies when 
centring the laser measurement volume, the liquid sheet exhibited a consistent offset 
throughout the injection at all the measurement locations. Further analys is of the LDA 
results has used a revised 'spray axis' with the zero position centralised on the peak 
velocity, i.e. offset by 2mm. 
During the course of the investigation it was observed that there was a significant rise in 
fuel temperature due to the frictional heating of the rotating cylinder, accompanied by a 
visible change in the sheet break up structure. It was therefore not possible to run for long 
pe1iods of time and subsequently the rotmy valve was left to cool down naturally between 
runs to ensure consistent results were achieved. 
At a later stage in the injection, 5ms, more data were available at the lower ax ial positions 
as the spray penetr·ated further, and is plotted in Figure 6-24. The peak velocities have 
decreased in the near nozzle region, as indicated by the PIV results, due to the decreasing 
injection pressure with the closing of the rotary valve. This was coupled with a decrease in 
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the number of samples as the liquid sheet is decelerati ng, leading to a possible reduction in 
droplet fonnat ion. The prev ious sample number reduction in the spray centre at a time of 
3m s was not encountered at 5ms as the liquid sheet was more stable in the near nozzle 
region ensUiing higher levels of signal detection through the sheet. 
3ms 4ms 5ms 6ms 
I Om111 
20111111 
3 Omm 
50 mm 
75mm 
100mm 
Figure 6-23. Side images of sheet to show LDA measurement planes and spray offset 
At the 75mm location, the velocity profiles change dramaticall y, with the peak velocity, at 
4 and 5ms, moving 2.5mm away fi·om the revised spray axis. Velocity plots for the 20mm 
and 75mm locations are shown in Figure 6-25 to allow compari son. It was believed that 
the offset of the peak velocity and hence the liquid sheet, was caused by the large scale 
waves of approximate wavelength 40mm, shown clearly on the images in Figure 6-23. 
This sheet 'flapping' motion caused the velocity profi le to drift, between 4 and 5ms, but 
once the rotary valve closed there was a flattening of the veloci ty profile, again centrali sed 
on the spray axis. After 6ms, the downstream positions, 75 and 1 OOmm, show comparably 
moderate shear layers with the development of flatter velocity profiles. This was caused 
by the reduction of injection pressure, i.e. end of injection, and break up of the liquid sheet 
into droplets with less momentum. 
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A Phase Doppler Anemometry, PDA, analysis of the spray was attempted, however, this 
was problematic due to the nature of the liquid sheet and the poor atomisation. In the near 
nozzle region there are very few droplets present, as most of the spray consisted of fuel 
elements that had broken away fi·om the continuo us liquid sheet. The few drople ts/ fuel 
elements that were measured at the l Omm axial location lay in the size range 5 - 40pm, 
with the large droplets located on the spray centre. Further downstream, the PDA data rate 
was still very low due to the presence of iiTegular shaped liquid elements in the early 
stages of break up which were rejected by the signal processing. Another potential 
problem was taking LDAIPDA measurements through the wavy liquid sheet. Relative 
distmtions of the laser beams would invariably move the measurement voJume and in 
severe cases prevent the formation of the measurement volume. fn the near nozzle region 
the traverse distance through the liquid sheet was a maximum of 5mm. Therefore with a 
beam separation of only 0.84mm at this po int the relative beam positioning would be less 
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susceptible to distortion from any large amplitude surface di sturbances. Small 
disturbances may cause some relative distortion however this could be assumed negligible 
based on the consistency of the LDA data. 
The LDA velocity data were con·elated with the PIV analysis to check the agreement 
between the two data sets. Comparing the PlY velocity with the peak LOA velocity for a 
parti cul ar position and time in the inj ecti on cycle, it was evident that there were signifi cant 
differences of up to 30% observed, with greater LDA velocities. The strong velocity 
grad ients across the spray, hig hlighted by the LOA resul ts, show the importance of correct 
positioning of the focal plane for PlY analysis. The PLY results were obtained using back 
ill umination and a 55mm macro lens with a 5mm depth of fi eld. Using this illumination 
method, it was not possible for the PlY to focus on a particular pla ne and pick out the high 
velocity gradi ents, mainly due to the relatively large depth of fi eld of the lens. Thi s meant 
that the results obtai ned using PlY were an average of the flow velocity which accounts for 
the large di fference between LDA and P(V. A more accura te PlY method would be to use 
a laser sheet to illuminate a thin plane through the liquid sheet. Thi s method has been 
successfull y used by Yamakawa et al [1 57] and Lee et al [1 58] to assess fl ow planes 
through a pressure swirl spray. Droplets within the spray were used as the tracers for the 
PlY. Due to the complex three dimensional dynamics of the transient liquid sheet the 
ali gnment of the laser sheet would be c1i tical. It would also be desirable to use a laser 
sheet wide enough to prevent out-of-plane movement of the surface waves. 
6.7 Flat Sheet Summary 
The develo pment of a transient flat liquid sheet has greatly simplified vmious problems 
associated with the assessment of conical pressure-swirl sprays. The creati on of a 2-
dimensiona l liquid sheet has clearly omitted phenomena which may be responsible, in pari , 
for the break up of the sheet. These phenomena include the liquid sheet sw irl, the air 
entra inm ent process and to a certain extent the sheet stretching effect. Although sheet 
stretching has been replicated on the fl at liquid sheet, 20° and 30°, it was not possible to 
produce the calculated 50° stretching encountered with the GDI pressure-sw irl spray, 
mainly due to the lack of injection pressure. It is envisaged that further improvements to 
the rotary valve design will allow the system to operate at higher injection pressures and 
coupled with new nozzles, enl1ance the sheet sh·etchi ng effect. 
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The main aim of this study was to analysis the liquid sheet on a fundamental level, 
although further work to correlate the data between 2-dimensional and 3-dimensional 
sprays is envisaged as a long term goal. The swirl and air entrainment cannot be replicated 
on the 2-dimensional liquid sheet, however, this may allow a critical assessment of their 
relative impact on the break up process, as long as the sheet velocities and stretching 
effects are successfully matched. 
Another major influence on the break up process of a liquid sheet is the internal liquid 
turbulence caused by surface imperfections inside the nozzle. It has been shown in chapter 
4 that the surface finish of the spark eroded slot significantly affected the quality of the 
liquid sheet, creating a streaky flow. The addition of brass nozzles of high surface finish 
quality eradicated these turbulent flow structures. Although it is possible to minimise the 
internal turbulence levels, the liquid turbulence of the pressure-swirl spray is unknown and 
therefore it is difficult to account for this when creating a representative flat liquid sheet. 
The difference of nozzle shape and length wi ll clearly affect the liquid turbulence, 
however, this is unavoidable. 
The most significant effect of varying nozzle geometry has been highlighted with the 
difference of liquid sheet velocity for a given injection pressure. Over the investigated 
injection pressure range 10 - 50 bar, the conical liquid sheet estimated velocity range was 
40 - 93m/s, compared to the flat liquid sheet range of 12 - 36m/s. It can be concluded that 
aerodynamic forces will have a more pronounced effect on break up of the corneal liquid 
sheet due to the higher velocities encountered, partly accounted for by the significant 
difference of measured break up lengths. The conical liquid sheet break up length over the 
pressure range was estimated between 2.5 and 5.5mm, whereas, the flat sheet break up 
length lay in the range 20 - 80mm, and depended on the nozzle configuration and temporal 
position in the spray development. 
Based on the differences between the fl at and conical liquid sheets it is not possible at 
present to conduct a comprehensive comparison between the two sprays. It is anticipated 
that increasing the flat sheet velocity and expanding the sheet further to match that of the 
conical sheet will greatly reduce the break up length of the sheet due to the presence of 
higher aerodynamic forces and induced instabilities respectively. A more realistic 
comparison of the two liquid sheets wi ll then be possible. 
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7.0 Conclusions 
The fuel break up process associated with gasoline direct injection, GDI, sprays is highly 
complex. The three dimensional nature of these pressure-swirl sprays, coupled with the 
turbulent, high temperature, high pressure in-cylinder flows, prove challenging for 
measurement techniques, data acquisition and analysis. To improve the understanding of 
the atomisation process encountered with such an injector, the injector has been removed 
fi·om the engine environment and investigated under atmospheric conditions. Finally, the 
3-dimensional geometry was simplified with the development of a new rotary valve to 
produce a 2-dimensional transient, high pressure liquid sheet. There are few studies which 
have specifically focused on the transient nature of a GDI spray. 
Many studies have investigated the mechanisms of liquid sheet break up at a fundamental 
level. However, the majotity of these have concentrated on idealised 2-dimensional 
nozzles under steady flow conditions and with eo-flowing air streams, but, critically they 
have been performed at pressures an order of magnitude lower than those found in GDI 
injectors. These, may not be representative of modern pressure-swirl GDI sprays. 
The study was split into two sections; ( I) to investigate the fuel break up mechanism of a 
GDI pressure-swi rl spray in the injection pressure range 10 - 50 bar, and (2) to study the 
behaviour of a transient 2-dimensional liquid sheet. 
7.1 Pressure-Swirl Spray 
Operating with an injection pressure of only L 0 bar it was possible to identify 4 distinct 
regions within 1 Omm of the nozzle mifice, namely, continuous liquid sheet, perforated 
sheet, fi lament development, and finally droplet fonnation. As the injection pressure was 
increased, the length of each region reduced, until at 50 bar it was not possible to identify 
the 4 regions of break up due to increased fuel mass flow and spray complexity. 
Based on an estimated sheet velocity range of 40 - l 08m/s corr-esponding to I 0 - 50 bar 
injection pressure respectively, the surface wave frequency increased from 77.6kHz to 
257.6kHz with increasing injection pressure due to the presence of higher aerodynamic 
forces inducing instabilities. The surface wave structure was analysed within 1 Ornm of the 
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nozzle, indicating that 25% of the waves were contained within the initial lmm of the 
spray. Wavelengths as small as l 601-1m in this region appeared to be damped out further 
downstream, with the larger wavelengths of I mm length dominating. 
Using LDA/PDA to focus on the near nozzle regwn, it was found that the highest 
velocities of up to 80m/s and largest droplets were located in the same position, on the 
inside edge of the developed spray cone. These droplets in excess of 30~tm are believed to 
have immediately originated from the liquid sheet with subsequent droplets, one radial 
position out, 0.1 mm, reduced in size by 70% indicating the presence of a very high shear 
layer. High shear forces on the outer edge disturb and break up the liquid sheet, whilst the 
inner edge is less susceptible due to the lower pressure inside the spray cone. 
7.2 Transient Flat Liquid Sheets 
The design and development of a unique rotary valve has been undertaken, to produce and 
allow the study of a transient two-dimensional liquid sheet. The rotary valve was 
configured to produce an injection duration of 5.1ms and allow the study of various liquid 
sheets of typical dimensions 30mm x 0.15mm, in the fuel pressure range 10 - 50 bar. Sheet 
divergence, of 20° and 30°, was promoted to simulate the sheet stretching effects of a 
pressure-swirl spray. 
A maximum liquid sheet velocity of 36m/s was attained using the rotary valve. Over the 
sheet velocity range 12 - 36m!s; Reynolds number range 800 - 2400, lengths from the 
nozzle to perforation onset were measured. This highlighted a peak perforation onset 
length between 20 and 25 bar injection pressure, or approximately 25m/s. Subsequent 
increases of sheet velocity led to a reduction of perforation onset length, which strongly 
indicates that above 25m/s, aerodynamic forces dominate the break up process. 
Introducing sheet stretching, by spreading the liquid laterally, affected the position of 
perforation onset by as much as 30% at the higher velocities. This was expected due to the 
destabilising effect of the sheet thinning, helping to accelerate the break up process. 
Estimated sheet thickness at the perforation location based on the sheet geometry were 
calculated to be in the range 0.05- O.lmm. 
Page 168 
Chapter 7. Conclusio ns 
Perforation onset length to total penetration ratio reduced in all cases by 40% over the 
pressure range I 0 - 50 bar. Downstream movement of the perforations was much slower 
than that of the leading edge, so as the liquid sheet velocity is increased, the break up 
region occupies a greater proportion of the spray. With higher sheet velocities, it is 
anticipated that perforations will develop sooner due to the influence of greater 
aerodynamic forces. 
PlY and LDA were used to assess the fl at liquid sheet velocity flow field. T he PIV data 
indicated a large velocity gradient between the nozzle orifice and the spray lead ing edge, 
suggesting the presence of axial sheet stretching. The LDA data, collected at ax ial 
positions downstream from the nozzle, showed peak velocities of up to 36m/s on the spray 
centreline as expected, due to the presence of a liquid sheet/flu id elements of high 
momentum. Jnitial drop size data shows a diameter distribution of 5 - 40pm. 
It is envisaged that correlati on between conical and flat liquid sheets will be possible with 
further improvements to the design of the rotary valve, as discussed in Chapter 8. 
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8.0 Further Work and Recommendations 
The recommendations for modifi cati ons and further work has been spl it into two main 
sections, firstly recommendations for improvements to fuel injection ri g and rotary valve, 
and secondly future work to further improve the understanding of a transien t GDl spray. 
8.1 The Fuel Injection Rig 
The high press ure fuel injection rig was specifically designed fo r the purpose of studying 
GDI sprays under atmospheric conditions. Throughout the course of the investigation 
possible modifications to the Iig were identified which would greatly simplify its use and 
improve it's versatility. The recommendations for rig modification are as fo llows: 
l . install ation of fuel filler tube above the fuel reservoir to aid fi !ling. 
2. Fuel level gauge to assess remaining fuel reserve. 
3. Installation of secondary va lve for fine contro l of fuel injection pressure. 
4. Revise pressure relief valve to a tta in pressures up to 120 bar. 
5. Install ation of heat exchanger to m aintain a constant fuel temperature. 
6. Develop 4 poster, 3-dimensional traverse system to accommodate any gasoline 
injector. 
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8.2 The Rotary Valve 
During long periods of operation it was apparent that fri ctional heating of the fuel, caused 
by the close rmming cylinder/bore interface, signifi cantl y effected the liquid sheet break up 
mechanism. The only way to minimise these effects with the cmTent design would be to 
introduce cooling passages into the stainless steel main body. This is a critical 
modification if the rotary valve is to be operated continuously for large scale data 
acquisition such as in an LDA measurement. 
The fuel leakage due to the running clearance between the cylinder and the bore limited the 
fuel system pressure prior to injection to 50bar. The leakage incuned under higher 
pressures, prevented the successful formation of a 'clean ' liquid sheet. Due to the pressure 
drop across the slot, maximum sheet velocities of 36m/ s were obtainable. To allow 
successful comparisons between a typical GDI spray, operating with liquid sheet velocities 
in excess of 80m/s, and the idealised 2-dimensional liquid sheet, modifications to the 
rotary valve are required to allow the study of higher pressure injections. 
The aluminium bronze cylinder, ground to fi t with a 4pm clearance, has evidently worn 
throughout the testing. It is recommended that a small er running clearance is adopted to 
minimise leakage and that a removable aluminium bronze sleeve is used inside the bore to 
maintain the long term sealing of the cylinder. It is predicted that the over rated AC motor 
will cope with the increased fiictional forces. 
The effectiveness of the PTFE 'o' rings at the ends of the cylinder reduce with prolonged 
operation and require replacement. Adapting the fuel feed end of the cylinder with the 
addition of a fi xed tube to the transducer housing, i.e. extending the fuel feed line, will 
allow the cylinder to locate on the tube and a standard 'o' ring used to seal that end of the 
cylinder. Adding an additional PTFE 'o' ring on a larger d iameter at the drive shaft end 
would help to reduce fuel leakage into the shaft and optical encoder housing. 
The addition of a fuel return line from the cylinder in the park position; slot at the top, back 
to the fuel reservoir would dramatically reduce leakage, however it is likely that this would 
adversely effect the holding pressure of the system. A more effective method of raising the 
liquid sheet velocity fo r a given injection pressure would be to modify the nozzles by 
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reducing the length of the slot. However, due to edge effects it is recommended that the 
slot length should be no less than 20mm. 
New nozzles should be manufactured with an even convergence on both sides of the 
nozzle, currently 5° and 1°, which lead to the apparent spray offset when collecting the 
LOA data. The brass nozzles should also be modifi ed with the addition of two locating 
dowels to improve the positional repeatability. The puqJose of the brass nozzles is to 
condition the liquid sheet prior to injection, therefore it is paramount that the machining of 
the slot and surface fini sh are performed to the highest possible quality. 
8.3 Diagnostics 
The unique method of creating the transient liquid sheet means there is still much work to 
be conducted in the field of transient liquid sheet break up, to gain a comprehensive 
understanding of the process. The current work has optimised the method of creating a 
transient liquid sheet and subsequently, utilised vmi ous data acquisition techniques, 
namely imaging, PlY and LOA, to provide a comprehensive analysis of the spray. T he 
fo llowing recommendations for further work have been identified after the initial 
investigation into transient liquid sheet disintegration: 
• More detailed analysis of sheet velocity profil e, using LDA. 
• Apply POA to allow droplet size measurements in a downstream position. 
• Study the effect of vaty ing sheet thi ckness, 0. 1, 0. 15, 0.2 and 0.25mm, on break up 
leng th and fi nal droplet size di stribution. 
• Assess the large scale wave structure, visible from the spray s ide view images. 
• Apply PlY to pressure-swirl spray to allow analysis of near nozzle regions which 
are too dense for successful LDA measurements. 
• Conduct fwt her PlY analysis using a laser light sheet to illuminate a plane through 
the flat liquid sheet and hence eliminate drop let detection which reduces the 
average velocity flow fi eld. 
• Increase the injection pressure, by modifying the rotary valve as previously 
discussed, to provide representative sheet velocities of up to 80m/s. 
• Comparison of pressure-swirl and flat sheet data to obtain a reliable correlation 
between the break up mechanism of a conical and flat liquid sheet. 
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Appendix 1: Discharge coefficient for· pressure-swirl injector 
A 
View on Section AA 4 
n ~I 
0.7 x48• 
Discharge Coefficient, CD = 0.45 oPL ~ ~ _P_ Ds [ d UJ-o.o2 [ J -0.03[ Jo.os[ A Jo.s2[ J o.23 fl L do Ds Dsdo do 
Propetiies of gasoline: Density, p = 745kg/m 3 
Viscosity, 11 = 1.676 x 10·3 Ns/nl 
CD = 0.45[0.9xl 0-
3 X74~x80J -0.02 ( 1.535)-0.0J (0.24 )0.0S (0.24x0.6Jx6)0.S2 (3.2)0·23 
1.676xl 0 0.9 2.5 2.5x0.9 0.9 
=> Co = 0.248 
0.7 
..... 
0.6 
= Q) 
·- 0.5 CJ c;: 
"""" 
Q) 
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Q) 
0.0 0.3 I. 
~ 
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Appendix 2: Theoretical liquid film thickness for pressure-swirl injector 
V~ew on Section AA 
( 
A o.s d 1.25] 
Flow Number, FN = 0.395 PDs 0_;5 
A n ~I 
FN = 0.395((0.6Ix l 0-
3 
x0.24xl o-3 x6 t 5 (0.9x10-3 )u5 ] 
(3.2xl o-3 ) 0.25 
FN = 2.42638 x r o-7 
0.00805-JP: FN 
Liquid film thickness, t = --- __.:....._ _ 
s do cos(-) 
[s = 
0.00805.f745x2.42638xl o-7 
(o.9xl o-3 )cos33 
l 5 = 0.0000706m => l5 = 0.0706mm 
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Appendb:. 3: Theoretical sheet thickness for pressure-swirl injector based on mass flow 
From mass flow measurements: 
mL = 8.3 x 10-6 kg I 0.85 x 10-3 s = 9.7647 x 10-3 kg/s 
Geometry of pressure-swirl spray: 
Flow area = n (0.00092 I 4 - r2) 
Assuming exit velocity, v = 80m/s 
m = pAY 
9.7647 X 10-3 = 745 X 1t (0.00092 I 4 - r2) X 80 
r = 0.000387749m 
Therefore, sheet thickness, ts = 0.9 I 2 - 0.387749 0.0623mm 
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Appendix 4. Liquid sheet thinning for pressure-swirl spray 
00.9mm 
lOrnm 
Estimate sheet thickness at position 1: 
I 
I 
~ 
i 33.5° 
I 
t1 = 0. 15mm 
Conservation of volume flow between nozzle, 1, and position 2: 
2 (. )2 2 . 2 m o - 1t lo- 0.15 = nr2 - nr; 
'1t X 0.452 - '1t (0.45 - 0.15)2 = '1t X 7.06885562 - m ? 
Inner radius at position 2, r; = 7.06089mm 
2 
Appendices 
Therefore, sheet thickness at position 2, x2 == 7.0688556 - 7.0608937 = 0.00796192mm 
Based on original thickness, sheet thinning in direction of movement, i.e. along the sheet: 
L1x = 0.011844mm per mm 
Application to flat sheet assuming exit slot width, Xe = 0.15 
Based on sheet thinning, inlet slot width, x; = 0. 15 + 0.011844 x 6 = 0.2211 
Flow area must remain the same: 
0.2211 X 30 = 0.15 X Is => exit slot length, Is= 44.21 
30mm 
~I 
1 ... 44.2 1mm .. I 
Divergence angle, e = 49.83° 
Page 194 
Appendices 
Appendix 5: Spray produced by a pressure-swirl injector at va rious pressures 
l.lms after SOl at 10 bar injection pressure 
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1.1 ms after SOl at 15 bar injection pressure 
. t 'fC • 
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l.lms after SOl at 20 bar injection pressure 
... 
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l.lms after SOl at 25 bar injection pressure 
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l.lms after SOl at 30 bar injection pressure 
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l.lms after SOl at 35 bar injection pressure 
mm 
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l.lms after SOl at 40 bar injection pressure 
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l.lms after SOl at 45 bar injection pressure 
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l.lms after SOl at SO bar injection pressure 
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l.lms after SOl at SS bar injection pressure 
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l.lms after SOl at 60 bar injection pressure 
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Appendix 6: Front and Side images of 0° liquid sheet at 50 bar injection pressure 
lms after SOl 
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2ms after SOl 
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3ms after SOl 
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4ms after SOl 
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Sms after SOl 
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6ms after SOl 
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7ms after SOl 
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Appendix 7: Front and Side images of 20° liquid sheet at 25 bar injection pressure 
lms after SOl 2ms after SOl 3ms after SOl 
4ms after SOI Sms after SOl 6ms after SOl 
7ms after SOl 
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Appendix 8: Front and Side images of 30° liquid sheet at 35 bar injection pressure 
lms after SOl 2ms after SOl 3ms after SOl 
4ms after SOl Sms after SOl 6ms after sor 
7 ms after SO I 
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Appendix 9. Calculation of Liquid Sheet Thickness at Break Up 
Example is taken for the 150).-tm thick, 20° divergent liquid sheet under an injection 
pressure of35bar, at a time of 4ms after SOl. 
30mm 
Length of nozzle exit, x = 30 + 2(6tan 20°) = 34.3676mm 
Break up length , b = 40.022mm 
Width of liquid sheet at point of break up, xb = 30 + (2(6 + 40.022)tan 20°) = 63.50 I mm 
Conservation of mass flow from nozzle to point of break up: 
34.3676 X 0.15 = 63.50 I X tb => Sheet thjckness, tb = 0.08ll8mm 
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Appendix 10: PIV images for 0° liquid sheet at 20 bar injection pressure 
Time Sector: lms 
>25m/s 
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Time Sector: 3ms 
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Time Sector: 4ms 
>25m/s 
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Time Sector: 6ms 
12 - 16m/s 
16 - 20m/s 
>20m/s 
Appendices 
Page 22 1 
Time Sector: 7ms 
12 - 16m/s 
16 - 20m/s 
>20m/s 
... 
' ' I 
. . . . . . . I 
l I I I I ' 
I J 1 I I 1 
I I I I 
Appendices 
Page 222 
Appendix 11: PIV images for 20° liquid sheet at 20 bar injection pressure 
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Appendix 12: PIV images for 30° liquid sheet at 20 bar injection pressure 
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Appendix 13: PIV data for 0° liquid sheet at 10 bar injection pressure- T ime Sectors 
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Appendix 14: PIV data for 0° liquid sheet at 20 bar injection pressure - T ime Sectors 
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Appendix 15: PlY data for 0° liquid sheet at 30 bar injection pressure- T ime Sectors 
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Appendix 16: PIV data for 20° liquid sheet at 10 bar injection pressure - Time Sectors 
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Appendix 17: PIV data for 20° liquid sheet at 20 bar injection pressure - Time Sectors 
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Appendix 18: PIV data for 20° liquid sheet at 30 bar injection pressure - Time Sectors 
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Appendix 19: PIV data for 30° liquid sheet at 10 bar injection pressure - Time Sectors 
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Appendix 20: PIV data for 30° liquid sheet at 20 bar injection pressure - Time Sectors 
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Appendix 21: PIV data for 30° liquid sheet at 30 bar inj ection pressure - Time Sectors 
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Appendix 22: PIV data for 10, 20 and 30 bar injection pressures 
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Appendix 23: LDA data for 20° sheet at 30 bar injection pressure - Axial Positions 
Axial Position: lOmm 
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Axial Position: SOmm 
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AppendLx 24: LOA data for 20° sheet at 30 bar injection pressure - T ime Sectors 
Time Sector: 2ms 
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Time Sector: 3ms 
Mean velocity profiles 
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T ime Sector : 4ms 
Mean velocity profiles 
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Time Sector: Sms 
Mean velocity profiles 
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Time Sector: 6ms 
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Time Sector: 7ms 
Mean velocity profiles 
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